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In spintronic devices such as magnetic random access memory 
(MRAM), patterned magnetic elements are widely used as unit cells of bit 
storage. To manipulate data bits, perpendicular electric currents are passed 
above and below each unit cell to generate the required magnetic field for 
magnetization reversal. In our work, we study the domain changes of 40-nm 
thick permalloy rods with lengths between 12 µm and 200 nm having a length: 
width aspect ratio of 4:1. The rod-like shape consists of a rectangle with 2 semi-
circles at its ends to improve switching robustness. This range of sizes allows us 
to analyze and compare the magnetic properties of the rods at both micron- and 
nano-scales.  
 
A simplified MRAM structure consisting of rod arrays patterned on top 
of Au conductors was fabricated by a combination of photolithography, 
electron-beam lithography, evaporation and lift-off techniques.  
A 2000 Oe field was applied along the long axis of rods and removed. The 
relaxed domain structure was imaged using a magnetic force microscope 
(MFM). A small current was passed to generate a field in the opposite direction 
to magnetically reverse the rods. MFM was again used to image the 
intermediate domain structure. Continuous current applications of gradually 
increasing magnitude eventually switched the magnetization in the rods. The 
MFM domain structure at each step was compared with results from micro-
magnetic simulations by Object Oriented Micro-Magnetic Framework and 
 viii 
vibrating sample magnetometer measurements. The experiment was then 
repeated along the short axis of the rods. 
 
For micron-rods, a quasi-single domain structure consisting of a large 
central domain and 2 vortices at the rounded ends was observed after removal of 
saturating field along long axis. Magnetization reversal of central domain 
occurred at currents of 300 mA and 1000 mA for 4 µm x 1 µm and 12 µm x 3 
µm respectively. A flux-closure 3-diamond domain structure consisting of 4 
vortices was observed after removal of saturating field along short axis. 
Subsequent current applications produced many different energetically similar 
multi-domain structures in addition to the domain structure predicted by micro-
magnetic simulation. Vortices and Néel-type cores might be introduced or 
expelled as a result of tip-sample interaction. 
 
For nano-rods, a single domain structure was observed after initial 
saturation along long axis. Magnetization reversal occurred at currents of 1250 
mA for 800 nm x 200 nm rods. The localized field, however, was not strong 
enough to reverse the magnetization in 200 nm x 50 nm rods. Nano-rods of both 
sizes displayed a stable behavior in the presence of a localized field along the 
hard axis. 
 
Our work has demonstrated the existence of stable domain states in 
micro-magnetic rods. In addition, the transition from micro- to nano-sized 
structures also revealed the shift from a multi to single domain state. 
 
 ix 
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Magnetic patterned structures using soft materials such as permalloy are being 
explored due to its applications in information such as Magnetic Random Access 
Memory (MRAM). Different shapes such as squares, rectangles, ellipses and rings 
have been patterned and studied for their magnetic domain configuration and reversal 
behavior. These studies are crucial as these reversal mechanisms play an important 
role in the operation of magneto-resistive and giant magneto-resistive sensors, 
particularly as the size of these devices is pushed into the submicron regime where 
demagnetization effects are strong. In our work, we will attempt to demonstrate the 
switching behavior of these magnetic structures. In order to have an idea of the type 
of properties needed for industrial applications in magnetic storage, we will introduce 
the workings of MRAM and use it as an example to show how these properties can be 
exploited in the industry. 
 
1.2 Using MRAM as an Example 
Ongoing research by various groups and industrial collaborations are currently in the 
process of understanding, fabricating and eventually commercializing the MRAM 
module [1-2, 4]. In June 2004, Infineon Technologies developed the largest MRAM 
chip boasting a capacity of 16 MB and a cell size of 1.42 µm2 [3].  However, cell 
sizes of MRAM chips are still an order greater than that of Flash memory at 0.1 µm2. 
Critics of the technology have also questioned the possibility of MRAM attaining the 
 2 
cell sizes of Flash memory. The main difficulty involved in reducing MRAM cell 
sizes is the control of the magnetic bits. When the bits are large, i.e. micron-sized, the 
magnetic elements possess multi-domain magnetic configurations [5-7]. Hence, we 
face the problem of different modes of switching for one bit. When the bits are small 
i.e. sub-micron sized, we are working at the limit of current lithography technology. 
Slight variation in shape and size causes the switching modes in adjacent bits to be 
different. In our project, we attempt to examine this problem by fabricating a 
simplified MRAM structure whereby magnetic elements of different sizes sit on top 
of gold conductors. A more elaborate explanation of our experimental objectives will 
be presented after a short discussion on the basic operation of the MRAM structure.  
 
Each MRAM data cell consists of a stack of magnetic and non-magnetic layers whose 
magnetic moment can be manipulated by an external magnetic field. Arranged in a 
rectangular array with a fixed separation as shown in fig. 1.1, these bit-storing data 
cells are located at the intersection of horizontal and vertical arrays of current 
carrying conductors. The application of electric current to a pair of vertical and 
horizontal conductors generates 2 magnetic fields, thereby allowing the reading or 
writing of a data bit.  
 3 
 
Fig 1.1: Architecture of MRAM. The top image shows the reading of a bit while the bottom 
image shows the writing of a bit [8]. 
A more elaborate illustration of the stack of magnetic and non-magnetic layers is 
shown in fig. 1.2. The stack, otherwise known as a magnetic tunneling junction (MTJ), 
essentially has two magnetic layers (free and fixed layers) separated by a thin 
dielectric barrier (AlOx). While the magnetization in the free layer is free to rotate, 
the magnetization of the fixed layer is held in a fixed direction by an internal 
 4 
mechanism which consists of the Ru layer, the pinned layer and the AF pinning layer. 
The resistance of the data cell is determined by the relative magnetization, either 
parallel (low resistance) or anti-parallel (high resistance), of the free layer with 
respect to the fixed layer. A complementary metal oxide semiconductor (CMOS) 
transistor connected to the base electrode of the stack then senses the difference in 






Fig 1.2: A 1-MTJ, 1-transistor MRAM cell. The magnetoresistive signal is the result of 
electrons that tunnel through the thin AlOx insulating layer between the magnetic fixed and free 
layers. The top electrode connects many bits while the bottom electrode makes contact to the 
isolation transistor in the CMOS below [1]. 
 
The fixed layer must be able to hold its magnetization in the presence of magnetic 
fields generated by currents flowing in the bit and digit lines. A Ru layer which 
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provides very strong anti-ferromagnetic coupling between the fixed layer and pinned 
layer is included to create a magnetically rigid system. Further enhancing its stability 
is the presence of an AF pinning layer which introduces strong exchange coupling 
between the pinned and AF pinning layer. The result of this mechanism is a 
magnetically stable fixed layer.  
 
Another interesting component in MRAM development is the shape and size of the 
magnetic cell. Previous research works have shown that magnetic properties such as 
the switching field and thermal stability depends strongly on various factors such as 
the size, shape and thickness of the magnet as well as the type of magnetic material 
used [5-7]. These property differences translate to significant differences in 
performance and stability levels of MRAM. An astute selection of shape and size will 
inevitably enhance current MRAM technology and might eventually lead to the 
successful commercialization of MRAM devices in the near future.  
 
1.3 Objectives 
The fabrication of a complete MRAM device requires extensive technical know-how 
as well as the availability of both financial and human resources. Such projects are 
normally undertaken by key industrial players such as Infineon, IBM and Freescale 
and supported with considerable funding. However, wide-ranging theoretical studies 
must still be carried out in parallel at research laboratories to provide the data storage 
industry with the breadth as well as the depth in MRAM research.  Having considered 
the fabrication and characterization capabilities of our laboratory and the present 
impasse in MRAM development, we have defined the scope of our research as 
follows: 
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1. To develop a fabrication process for the simplified MRAM structure which 
consists of metal conductors (emulation of the bit and digit lines) and magnets 
in the micron and sub-micron scale (emulation of the free layer in MRAM 
stack). Magnetic field generated by current flowing in metal conductors 
switches the magnetization of these magnets.  
2. To characterize and compare the magnetic properties of different magnets and 
materials as well as to study the stability of their domain configurations, with 
a view for MRAM applications. 
 
1.4 Thesis Organization 
The thesis is organized in the following 8 chapters: 
• Chapter 2 reviews the findings of past research works on micro- and nano-
magnets. It explores the different shapes and sizes studied and the different 
techniques of imaging, hence allowing us to determine our fabrication process 
and switching technique. 
• Chapter 3 covers the device fabrication process which includes micro-
fabrication processes such as photolithography, electron-beam lithography, 
evaporation and liftoff. Some of the problems encountered during the 
fabrication process will be highlighted. 
• Chapter 4 deals with the basic principles and operations of MFM, highlighting 
the different types of probes and magnetic tips available. We will also discuss 
the simulation tool used for micro-magnetic calculations. 
• Chapter 5 shows how the magnitude of the applied magnetic field for a given 
current is calculated. Both theoretical and simulation results will be presented 
in this chapter. 
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• In chapter 6, we will detail the experimental procedure as well as compare and 
analyze the experimental and simulation results for micron-sized rods. 
• In chapter 7, we will compare and analyze the experimental and simulation 
results for nano-sized rods. 
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2.1 Overview 
As explained in Chapter 1, the bit-storing data cells of MRAM are located at the 
intersection of horizontal and vertical arrays of current carrying conductors. While 
the “cross-conductor” design structure results in higher data storage density, it also 
requires a sufficient difference in current thresholds between the full-select element 
and the half-select element, i.e. the application of current through an unselected cell 
must not alter the magnetization of the magnetic element. Since current MRAM 
technology derives its bit selectivity from shape anisotropy, the geometric shape and 
layer thickness of a memory element play important roles in design considerations [1]. 
 
During the initial stages of MRAM development, robust magnetic switching has been 
achieved either by shaping the memory elements with relatively sharp ends or by 
utilizing a ring geometry for forming magnetization flux closure. Magnetic elements 
with tapered ends and elliptical patterns were also included because of their switching 
robustness.  In this chapter, we will review magnetic elements of various shapes, 
sizes and thicknesses as the successful commercialization of MRAM depends 
strongly on our ability to control the selectivity of the magnetic element. We will also 
look at the different ways and techniques of how other research groups fabricate and 
characterize the simplified MRAM structure. In addition, we will also look at the 
different techniques of magnetic imaging used by different research groups to analyze 
magnetic domain changes. 
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2.2 Characterization of the MRAM Magnetic Element  
   – Different Experimental Setups 
In this section, we will look at the different experimental setups employed by 
research groups to characterize the MRAM magnetic element. In the MRAM 
structure, currents flowing in the cross-conductors generate a magnetic field to effect 
magnetization changes in the magnetic element. Experimentally, this magnetic field 
can either be generated by an external field produced by electromagnets or by a 
constant current flowing in an insulated conductor. Alternatively, a current can also 
pass through the magnetic element directly in what we term field-induced switching. 
These 3 different experimental setups are explained in the following sections. A 
comparison of the 3 experimental setups is presented in section 2.2.4. 
 
2.2.1 External Magnetic Field from Electromagnet 
In the following two experiments, an external magnetic field produced by an 
electromagnet was used to effect magnetization changes in the MRAM magnetic 
element. In the first experiment, Hefferman et al. observed the magnetization 
process in small regular permalloy particles using the Foucault mode of Lorentz 
electron microscopy [2]. The particles have in-plane dimensions in the range of 
0.25 to 4.00 µm with thicknesses of 17, 60 and 95 nm. He demonstrated that 
magnetic states can be controlled by a small external magnetic field less than 5 mT 
and their domain structures are extremely reproducible.  
 
In the second experiment, Runge et al. also used an external magnetic field 
produced by an electromagnet to study the magnetization process in an array of 2 
µm x 2 µm x 0.04 µm permalloy particles fabricated on a 100 nm carbon membrane 
by means of high-resolution Lorentz microscopy and electron holography in 
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magnetic fields parallel and perpendicular to the film surface [3]. Due to the 
divergence or overlap of the electron beams after passing magnetic domains with 
different magnetization directions, Lorentz micrographs reveal the domain walls as 
dark or light lines. In addition, the electron holograms displayed the amplitude and 
phase of the transmitted electron beam. By varying the strength of parallel magnetic 
fields as shown in fig. 2.1, they observed the evolution of different magnetic states. 
When the parallel field strength is zero, flux closure is obtained by either the four-
closure domain or seven-closure domain configuration. As field strength is 
increased, domains with magnetization direction close to external field direction 
grow in size. Above 8 mT, a non-solenoidal magnetization configuration is 
observed. 
 
Fig. 2.1: Parallel field influence on four-closure domain and seven-closure domain 
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These observations are critical in our understanding of magnetic domain evolutions 
and promise to be valuable in the field of data storage as well as the emerging topic 
of magnetic logic devices.  
 
2.2.2 Localized Magnetic Field by Application of Constant Current 
Some other ongoing projects utilize a constant direct current source to generate the 
magnetic field required for switching. Wu et al. observed the magnetic domain 
structure evolution in the presence of an external magnetic field induced from a live 
current strip produced under the patterned permalloy thin films [4]. Fig. 2.2 shows 
the experimental setup where a current flows through the Al conductor under a thin 
electrically grounded layer of Gold separated by an aluminium oxide insulation 
layer. The layer of Gold helps to reduce noise generated by the electrostatic force 
during magnetic force microscope imaging.  
 
Fig. 2.2: Schematic drawing of the experimental setup by Wu et al [4]. 
 
In another experiment, Huang et al. studied the influence of current in a metal strip 
on magnetic domain switching [5]. The two different setups are shown in fig. 2.3. In 
case 1, only one patterned permalloy cell sits on top of the metal line while in case 
2, all the patterned magnetic cells are on top of the strip. The objective of case 1 is 
to observe the switching behaviours on top and beside the metal strip while the 
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objective of case 2 is to study the uniformity of the magnetic field produced by the 
current along the strip.  
 
Fig. 2.3: Schematic drawing of the experimental setup by Huang et al [5]. 
 
Magnetic force microscopy images of the patterned cells are taken before and after 
the application of various electrical currents. They discovered that the magnetic 
field produced by the metal strip is quite uniform and that the magnetic field from 
the strip does not change the magnetic configuration of the cells beside it (the outer 
two cells in case 1). It has to be noted that this experimental setup does not have the 
thin electrically grounded layer of Gold.   
 
2.2.3 Current-induced Switching 
Ongoing research activities are also looking at new ways of switching the 
magnetization. In the following experiment, constant direct current pulses were 
applied directly through the magnetic element. As shown in fig. 2.4, Koo et al. 
investigated the switching behavior of rectangular NiFe structures, sized 8.3 µm x 
17 µm, vis-à-vis 10 ns current pulses [6]. Gold pads patterned as electrical contacts 
at both ends of the structures enable current flow along the long axis of the material. 
By applying positive or negative current polarity at density on the order 107 A/cm2, 
they succeeded in switching the magnetization configuration between the 4 or 7 
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domain configurations. Since the 4 and 7 domain configurations differ in one of 
their end domains, they could monitor the magnetization of the end domain by 
means of a tunnel magnetoresistance by putting an oxide barrier and another spin 
detecting electrode. This simple and viable observation could be used for magnetic 
random access memory applications.  
 
Fig. 2.4: Schematic drawing of the experimental setup by Koo et al. [6] in which 10ns 
current pulses are passed through the material. 
 
2.2.4 Analysis and Comparison of the 3 Experimental Setups 
The five experimental setups in section 2.2.1, 2.2.2 and 2.2.3 demonstrated the 
different possible techniques in changing the magnetization of the MRAM magnetic 
element. However, the experimental setup that resembles the MRAM device the 
most is the two experiments in section 2.2.2. In our experiment, we will employ the 
experimental setup used by Huang et al. [5]. Our MRAM magnetic elements will 
be patterned on top of Au conductors and insulated by a layer of SiO2 to eliminate 
any current-induced magnetic effects.  
 
2.3 Design of the MRAM Magnetic Element 
      - Different Shapes, Sizes and Thicknesses 
As mentioned earlier, the switching robustness of the MRAM magnetic element 
depends strongly on its shape, size and thickness. In this section, we review 
permalloy elements of various shapes, sizes and thicknesses and their switching 
characteristics. It has to be noted that most results in this section were obtained by the 
technique of field induced switching presented in section 2.2.1. Though the 
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experimental setup used differs from our intended experimental setup discussed in 
section 2.2.4, the results can nevertheless be used towards understanding the shape 
and size dependence of magnetic domain formation. The literature review has also 
been limited to micro- and nano-lithographed permalloy thin film elements which 
have near zero magnetostriction and negligible magnetocrystalline anisotropy. They 
were deposited in the earth’s magnetic field and as such had properties which were 
dependent solely on the shape and size of the particle and the magnetization and 
domain wall energy of Permalloy. Consequently, they are ideal samples which are 
widely experimented and relatively well known. However, due to the lack of research 
on certain shapes and sizes, some of the experiments quoted in this literature review 
might deal with other magnetic materials such as Cobalt and Fe. 
 
2.3.1 Square Elements 
Gomez et al. demonstrated the dependence of domain configurations on aspect 
ratios in fig. 2.5 [7]. The samples were prepared by electron beam lithography and 
lifted-off. A 26 nm thick layer of permalloy alloy was then deposited by thermal 
evaporation.   
 
Fig. 2.5: MFM images of an array of permalloy islands at remanence by Gomez et al. [7]. 
A 150 Oe external field was applied prior to imaging. 
(A) 4-closure  
Domain Configuration 
(C) 4-closure  
with four 90° and one 180° walls 
(B) 7-closure  
Domain Configuration 
(D) 4-domain with cross-tie 
along 180° wall 
(E) Quasi-single domain 
with flux-closure ends 









By varying the aspect ratio of rectangular permalloy elements, different remanent 
domain configuration was observed. Despite the large range and variation in aspect 
ratio from 1-12, the magnetic elements exhibit only a few types of unique 
configurations, namely: 
(A) four domain closure pattern with four 90˚ walls, 
(B) seven domain closure pattern, 
(C) four domain pattern with four 90˚ and one 180˚ wall, 
(D) four domain wall pattern with cross-tie and Bloch line inclusion along the 
180˚ wall, 
(E) quasi-single domain with flux closure ends, 
(F) single domain with unresolved localized end structure, 
(G) complex multi-domain states.  
These observations highlight the influence of shapes in magnets which researchers 
could exploit to represent logic states. 
 
2.3.2 Ellipsoidal Elements 
Similarly, Schneider et al. investigated the easy axis magnetization reversal of 20 
nm thick permalloy ellipses with a fixed major axis of 1.47 µm, and minor axes of 
0.22-1.47 µm [8]. This corresponds to a study of ellipses with length/width ratio 
ranging from 1 to 6.7.  




Fig. 2.6:  LTEM images of 20 nm thick permalloy ellipses taken during magnetization 
reversal by Scheider et al. [8]. The major axis of all the ellipses are a=1.47 µm while the 
minor axes are b = 0.75 µm in (a)-(c), b = 0.64 µm (d) and b = 0.44 µm (e). 
 
Lorentz transmission electron microscopy is used to capture the images of their 
magnetization configuration. Some results of the experiment are shown in fig. 2.6. 
It was discovered in most cases that the magnetization reversal is initiated by the 
evolution of a magnetization buckling, followed by the formation of a single, a 
double or a trapped vortex configuration. For high aspect ratios, the magnetization 
switches without the creation of a stable vortex configuration.  
 
In the experiment mentioned in the previous section by Huang et al., permalloy 
ellipses were also studied [6]. These magnetic cells have a thickness of 30 nm and 
aspect ratios ranging from 1 to 9. The major and minor axes are varied from 0.5 µm 
to 4.5 µm. MFM images of the patterned permalloy array are shown in fig. 2.7. A 
key observation from the experiment is that for small aspect ratios (<6), the 
magnetic configuration becomes multi-domain and a higher magnetic field is 
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needed to reverse its magnetic state. The current used for this study for 
magnetization reversal were roughly 90 mA to produce magnetic field of 62 Oe.  
 
Fig. 2.7: MFM image of patterned permalloy array with axes ranging from 0.5 µm to 4.5 
µm by Huang et al. [6].  
 
2.3.3 Pacman Elements 
The problem of a wide field switching distribution is often associated with modified 
linear magnetic elements, such as a hexagon or an ellipse. This is due to the small 
end shape variations between elements which in turn reduces the selectivity of 
magnetic cells in MRAM. Park et al. proposed two different types of 40 nm thick 
Pac-man (PM) elements namely, PM type I having a dominant bi-domain (vortex) 
configuration and PM type II with a single-domain configuration [9]. They are 
shown in fig. 2.8 as dotted elements. They discovered that magnetic configuration 
and switching behaviour of the PM elements are dependent on the ratio of 
imaginary inner to outer diameter, the ratio of length to width and the film thickness.  




Fig. 2.8: Diagram of the original PM and elongated PM elements by Park et al. [9]. 
 
In a later experiment, Park et al. introduced two types of elongated PM elements, 
EPM-I and EPM=II, to further enhance the shape anisotropy of the PM element [9]. 
They discovered that the switching process in PM-I, PM-II, and EPM-I elements 
was through a vortex-driven reversal while the magnetization of an EPM=II 
element switches through a single-domain reversal. It was also found that a vortex-
driven switching process for a PM element is a non-reproducible reversal. 
 
2.3.4 Circular Rings 
Rings have also attracted special attention recently for its predictability in switching 
behavior as compared to shapes with sharp ends. Rothman et al. studied the 
magnetic properties of an array of 34 nm thick Co (100) epitaxial ring magnets with 
inner and outer diameters of din = 1.3 µm and dout = 1.6 µm [10]. The rings were 
obtained by depositing a tri-layer Cu (100)/Co (100)/Cu (100) on a Si (100) wafer 
in an MBE system. 




Fig. 2.9: Illustration of the onion to vortex switching in an asymmetric ring by 
Rothman et al [10]. (a) and (f) are equilibrium states before and after the switching 
while (b) to (e) are intermediate states during the switching. 
 
As shown in fig. 2.9, magnetic measurements show that a two step switching 
process occurs at high fields. This indicates the existence of two different stable 
states – the vortex state and the newly termed “onion” state (note: “onion” because 
the opposing magnetization directions in each half of the ring). The onion state 
remains stable at remanence and undergoes a simple and well characterizes 
nucleation free switching. 
 
2.3.5 Square Rings 
A similar study was conducted on square rings by Imre et al [11]. The 2.1 µm x 2.1 
µm rings were patterned using electron beam lithography. A thermal deposition 
then produced the 25 nm thick layer of permalloy which was lifted-off in an 
ultrasonic bath. The rings were then subjected to homogeneous external magnetic 
field pulses (of up to 4600 G) provided by an electromagnet. Results of the study 
are shown in fig. 2.10.  




Fig. 2.10: Illustration of the possible domain configuration of square rings by Imre et 
al. [11]. (a), (b), (c) and (d) are schematics of the ring, diagonal, horseshoe and four 
domain states respectively.  
 
The experiment showed that such rings also display a few distinct domain structures 
that can be transformed into each other via controlled domain wall displacement. 
Such square rings or similar few-domain structures can be developed as functional 
domain structures which are particularly useful in MRAM applications.  
 
2.3.6 Wire Junctions 
Mesoscopic permalloy wire junctions constitute another area of immense research. 
These single domain wires are good candidates for creating domain wall trapping 
junctions which can eventually be manipulated to create many possible domain 
configurations. Hirohata et al. have published numerous papers detailing the 
magnetization reversal process in wire junctions which could take the form of 
crosses, networks, H-shapes, rectangular chains and ring chains [12-15]. One study 
focused on wire-based structures which are 30 nm thick having in-plane dimensions 
of 1-10 µm [12]. These structures are thermally deposited on a GaAs (100) 
substrate and their magnetization configurations studied using MFM imaging as 
shown in fig.2.11.  




Fig. 2.11: Some examples of wire junctions and their remanent magnetic configuration 
by Hirohata et al. [12].  
 
They discovered that other than ring chains, most of the wire-based junctions 
display two classes of domain configuration, namely (i) domain wall-like feature 
due to abrupt spin rotation and (ii) a triangle-shape domain forming a flux closure 
domain configuration. Now that we have a better understanding of magnetic 
configurations in permalloy wire junctions, we need to carry out more research on 
the magnetic switching of such junctions. 
 
2.3.7 Typical Dimensions of Permalloy Elements 
The thickness of permalloy elements studied for magnetic domain configuration 
and magnetic switching range from 20 nm to 40 nm. Their in-plane dimensions 
which are much larger than their thickness are typically in the range of a few µm 
(0.5 to 10 µm for the various structures reviewed). Many experiments have proved 
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2.3.8 Permalloy Elements Arranged in an Array 
Xu et al. studied the magnetization configurations of epitaxial Fe (20 nm)/GaAs 
(100) circular dot arrays with magnetic force microscopy [16]. They confirmed that 
inter-particle dipolar coupling is negligible when the ratio of the separation to the 
diameter is larger than 1. For future studies of epitaxial permalloy elements 
fabricated in an array configuration, it is imperative to ensure a large enough inter-
particle separation. 
 
It is interesting to note the difference between polycrystalline and epitaxial 
ferromagnetic structures. The latter, possessing well-defined magnetocrystalline 
anisotropy is less influenced by defects as compared to polycrystalline structures. 
 
2.3.9 Analysis and Comparison of Various Shapes and Sizes 
In the previous sections, we reviewed the various shapes and sizes of permalloy 
elements currently being studied. Earlier studies focused mainly on regularly 
shaped elements such as squares and circles while later studies looked more at 
irregular shapes to achieve a more controllable magnetic switching for use in 
MRAM applications. In addition it was shown that elliptical patterns and shapes 
with tapered ends are preferred for their switching robustness. The gently rounded 
ends that these patterns possess allow switching at lower fields as compared to their 
square ended counterparts.  
 
In our work, we will attempt to fabricate and characterize a shape which we 
subsequently termed the rod. As shown in fig. 2.12, this rod-like pattern, a slight 
variation of the elliptical pattern, has straight edges as compared to the conventional 
elliptical patterns. While retaining the round edges of the ellipse for switching 
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robustness, this pattern is also more easily and consistently lithographed. An array 
of rods instead of a single element will be fabricated on the conductors to allow us 
to study the variation in switching levels between array elements. The magnetic 
properties of the rod will be examined in Chapter 6.  
 
Fig. 2.12: Rod-like pattern which will be thoroughly examined for its suitability as the 
free layer in MRAM .  
 
2.4 Magnetic Imaging Machines 
Our ability to observe micro-magnetic domain wall motion lies in recent advances in 
high resolution imaging machines. While a large number of imaging techniques is 
established, the key challenge is to have a layer-resolved spatio-temporal recording of 
the magnetization switching as this corresponds directly to its technological 
functionality. In this section, we review some of the techniques of magnetic imaging.  
 
Transmission electron microscope (TEM) can be used for analyzing microstructure, 
microchemistry and magnetic domain structure of magnetic thin films [17]. Typical 
resolutions achievable are 0.2-1.0 nm for structural imaging, 1-3 nm for 
compositional information and 2-20 nm for magnetic imaging using LTEM. Hence, 
TEM is a very powerful tool for the characterization of nano-scale structures. 
 
However, magnetic force microscopy, while not as powerful as TEM, is more than 
capable of imaging magnetization of structures. Gomez et al. have investigated and 
compared the performance of Lorentz transmission electron microscopy (LTEM) and 
magnetic force microscopy (MFM) [7].  In their experiment, they varied the aspect 
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ratio of the 26 nm thick permalloy patterned samples and studied both their LTEM 
and MFM images. The images (A) and (B) in fig. 2.13 are Foucault TEM images 
while the image (C) is an MFM image. 
 
 
Fig 2.13: Foucault TEM images and MFM images of a 4 x 1 µm2 island showing the multi-
domain end regions by Gomez et al. [7]. 
  
Both techniques reveal different facets of the magnetization distribution and are 
complementary in imaging magnetic domains. While they noted LTEM’s advantage 
in not altering the magnetization state of the sample, they showed that with a 
relatively soft ferromagnet, MFM is more than capable of imaging without significant 
perturbations to the sample magnetization.  
 
Magnetic soft X-ray microscopy is also another way of imaging magnetic 
configurations.  Fischer et al. were able to image magnetic domain structures at a 
resolution of down to 25 nm using Fresnel zone plate optics [18].  





Fig 2.14: Variation of domain patterns with size in 50 nm thick Permalloy structures by 
Fischer et al. [18]. 
  
The different magnetic domain structures of 50 nm thick Permalloy structures vis-à-
vis varying external magnetic fields were imaged using magnetic soft X-ray 
microscopy in fig. 2.14. The influence of the varying aspect ratio between 1 and 3 is 
clearly visible. A single closure domain pattern appears with an aspect ratio of 1.5 
while a more complex configuration is observed for larger aspect ratios.  
 
In addition, the possibility of passing current while performing magnetic imaging is 
another important factor in selecting the machines. Often, studies of current-induced 
magnetic switching require an in situ image of the magnetic configuration. Such 
setups give a better and more accurate observation of magnetic configurations as it 
would eradicate accidental external magnetic field influences. 
 
2.5 Conclusion 
The two objectives of our research were defined in section 1.2. In this chapter, we 
focused on how we can attain our objectives by looking at the different experimental 
setups and Permalloy elements of different shapes and sizes. 
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Firstly, we looked at three different experimental setups for the characterization of 
MRAM magnetic elements. To better simulate the MRAM structure and comprehend 
the localized field generated by a live metal conductor, our research will make use of 
the localized field generated by Au conductors.  The magnetic elements will be 
insulated by a layer of SiO2 to eliminate any current-induced switching effects. 
External field induced switching by an electromagnet will also be conducted in 
parallel to serve as a comparison for our current-induced switching results. Another 
reason for our choice is the relative scarcity in current-induced switching research as 
compared to field-induced switching research. A better understanding in this 
technique would certainly lay the way towards the fabrication and commercialization 
of MRAM modules. 
 
We also explored the different possible shapes and sizes for the MRAM magnetic 
element. The domain structures in squares, ellipses and rings were presented to 
provide an overview of the ongoing research. In our work, we will first focus on the 
fabrication and characterization of a rod-like shape with gently rounded edges. The 
specific dimensions and magnetic properties of the rod structures will be presented in 
Chapter 6.  
 
Finally, we showed that MFM imaging is used in most studies of magnetic domain 
switching. While it is not as powerful as LTEM or Magnetic soft X-ray microscopy, 
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3.1 Overview 
The fabrication of the device is complex and requires various advanced techniques. 
To produce the ideal sample for characterization, the fabrication process needs to be 
repeated and fine-tuned. Key experimental parameters in fabrication were hence 
varied and calculated to achieve the best experimental results. 
 
As shown in fig. 3.1, the device consists of two different layers fabricated on top of a 
silicon (100) wafer. The first layer consists of 200-nm-thick I-shaped gold conductors 
while the second layer consists of 40-nm-thick permalloy magnetic structures 
insulated by 10 nm of SiO2. This structure, as mentioned in previous chapters, allows 
us to simulate the MRAM structure and understand the working principles behind 
MRAM read/write operations.  
 
Fig. 3.1: 3D view of the fabricated device. Permalloy magnetic structures of various sizes are 
patterned on top of Au conductor for characterization. 




Fig. 3.2: Top view of the I-shaped conductors. The channel of the Au conductor measures 700 
µm in length and 50 µm in width. Two 400 µm x 400 µm squares at the ends of the I-shaped 
conductors allows us to wire-bond the conductors to the chip carrier. 
 
Fig. 3.2 provides us with the actual dimensions of the Au conductors. These I-shaped 
conductors were patterned on top of the wafer substrate by means of 
photolithography process. The channel of the conductors measures 700 µm and 50 
µm in length and width respectively. Two squares on either side, measuring 400 µm 
by 400 µm, serve as contact pads for the wire-bonding of Gold wires. Thermal 
evaporation of 10/200-nm of Cr/Au was subsequently carried out. This was followed 
by a lift-off process in an acetone bath. The 10-nm-thick layer of Cr serves as an 
adhesive layer between the wafer substrate and Au.  Conductors of smaller widths 
such as 10 µm wide conductors were also fabricated in our attempt to generate bigger 
field strength. 
 
The second layer of magnetic patterns was fabricated by means of electron beam 
lithography. Using the alignment marks created by the first optical lithography layer, 
arrays of magnetic structures of various sizes and separations were aligned and 
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patterned on top of the Au conductors. In the same deposition step, we thermally 
evaporated a 10-nm-thick layer of SiO2 followed a 40-nm-thick layer of permalloy 
(Ni80Fe20). The 10-nm-thick layer of SiO2 allows us to electrically and thermally 
(avoid breaching the Curie temperature) insulate the magnetic structures from the 
current that flows in the Au conductor. The minimum thickness of 10 nm was chosen 
so as to form a continuous film of SiO2. A thicker layer of SiO2 (>>10 nm) would not 
be possible as the magnetic field would be significantly weakened (refer to Chapter 5 
for estimated field strength). After deposition, a lift-off process was again carried out 
in an acetone bath. In order to apply current to the Au conductors, the device must be 
mounted on a 24-pin chip carrier using silver paint and connected to the pins. As 
illustrated in fig. 3.3, a wire-bonder connects the device to the pins of the chip carrier 
using gold wires.  
 
Fig. 3.3: Optical microscope image of fabricated sample. Gold wires, connecting the device to 
the chip carrier, are bonded using the wire-bonder. 
 
In the following sections of this chapter, we examine in closer detail the key 
fabrication steps, the problems encountered and the solutions taken. 
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3.2 Fabrication Process 
An illustration of the fabrication process consisting of 5 different stages is shown in 
fig. 3.4. Two separate photolithography steps are needed to produce the two layers. 























Fig. 3.4: Graphical illustration of the fabrication procedure. The process is divided into 5 key 









3.2.1 Wafer Dicing and Cleaning 
Circular 3-inch undoped silicon wafers were diced into 10 mm x 10 mm square dies. 
The dimensions were chosen to correspond to the patterns in the masks which are 
designed for 10 mm x 10 mm samples. Details of the photolithography process are 
discussed in the next section. 
 
Particles or contamination on the film surface will adversely affect the lithography 
process. Problems such as poor adhesion, pinholes and opaque spots will degrade 
the quality of the patterns. To consistently produce patterns at a high resolution, 
proper cleaning of the wafer is essential.  
 
The wafer cleaning procedure consists of 3 different steps. In the first step, the 
diced samples were soaked in a beaker of acetone for 10 minutes with ultrasonic 
agitation at an elevated temperature, shown in fig. 3.5. This step removes the 
organic contaminants present in the samples. Secondly, the diced samples were 
transferred into another beaker containing isopropanol and placed in the ultrasonic 
bath for a further 10 minutes. Isopropanol removes the remaining acetone in the 
sample as well as the remanents of the organic contaminants. The third step 
involves the soaking of the sample in deionized water for 10 minutes under 
ultrasonic agitation thereby removing most of the inorganic contaminants. The 
sample was finally blown dry using nitrogen gas.  




Fig. 3.5: Ultrasonic bath. Samples soaked in Acetone are placed in the ultrasonic bath for 10 
minutes to remove organic contaminants. 
 
However, a significant amount of moisture still exists in the substrate at this stage 
and might result in poor surface adhesion of future layers. Hence, a dehydration 
bake step at a temperature of 90 degrees Celsius for 10 minutes was carried out to 
further eliminate the moisture content.  
 
3.2.2 First Layer Photolithography Process  
Photolithography is a technique in which mask patterns are transferred to the diced 
silicon wafer samples. In this work, positive photoresist (irradiated regions become 
soluble) is preferred over negative photoresist due to its better resolution.  
 
Spin-coating 
After the samples were thoroughly cleaned and dried as detailed in the previous 
section, a positive photo resist, AZ 1512 Photoresist, was dispensed onto the 
surface using a small plastic pipette [1]. Also known chemically as 1-methoxy-2-
axetoxypropane ether acetate, the photoresist is very suitable for semi-conductor 
and microelectronics manufacturing, giving excellent pattern profile in sub-micron 
lithography. 




Fig. 3.6: Spin-Coater. Samples are spun at 6000 rpm for 30 seconds to obtain a uniform layer 
of photo-resist. 
 
Care was taken to avoid creating bubbles while dispensing the photoresist. Such 
bubbles could cause pinhole formation on the spin-coated surface and result in 
lower surface adhesion and resolution. As illustrated in fig. 3.6, the sample was then 
spun at 6000 rpm for 30 seconds to obtain a uniform layer of photoresist of 
approximately 1.0 µm in thickness. The photoresist layer near the edges of the 
sample is thicker and may result in poor pattern definition. This problem is 
eradicated by placing the desired pattern in the middle of the sample. 
 
Soft-bake 
The photoresist-coated samples were then baked again in the oven at a temperature 
of 90 degrees Celsius for 30 minutes. This improves the adhesion of the resist, 




The next step, termed the exposure step, involves the transfer of patterns by 
exposing the coated sample under ultraviolet light (wavelength 365 nm). In the 
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laboratory, the Karl SUSS MA6 Mask Aligner System (MA6) [2] in fig. 3.7, is used. 
It is capable of processing up to 6-inch wafers and can be configured to house 
chucks and mask holders of various sizes. A Newport Vibration Isolation Table 
cushions external disturbances such as floor vibrations. 
 
Fig. 3.7: Karl SUSS MA6 Mask Aligner System. 
 
Firstly, the Mercury lamp of the MA6 was tested to determine the exposure time 
required for proper pattern transfer. Though the pattern sizes are much larger than 
the 1.5 µm resolution limit of the mask aligner system (MA6), it is still crucial vital 
to find the optimal exposure time. The following equation serves as a rough guide 
to calculate the length of exposure time needed: 
Lamp Intensity (mW/m2) x Exposure Time (s) = 110 (mJ/m2) 
For example, if the lamp intensity shows 11 mW/m2, the exposure time will be set 
at 10 seconds giving the exposure energy of 110 mJ/m2. The MA6 is used at 
constant power mode and hence the intensity of the UV lamp will decrease with 
increasing usage. Thus, it is important to note that as the intensity decreases, the 
exposure time needs to be increased. A constant energy of 110 mJ/cm2 must be 
maintained for the developer to completely dissolve the exposed area. 




The samples were subsequently placed on the wafer stage of the MA6 while the 
photo mask which contained the patterns was loaded in the mask holder. The mask 
patterns are shown in fig. 3.8. To facilitate the dicing of wafers, L-shaped patterns 
are designed at 5 mm intervals from each other. Within 4 L-shaped patterns are 4 I-
shaped conductors.  
 
 
Fig. 3.8: Mask patterns of I-shaped conductors. The distance between adjacent L-shaped 
markers is 5 mm. A 10 mm x 10 mm square shows the area that is used for exposure. 
 
In fig. 3.8, the desired patterns of the mask are aligned on top of the wafer sample 
(illustrated with the 10 mm x 10 mm square) using the optical microscope of the 
mask aligner. This step is critical as the alignment marks will be subsequently used 
in the second layer electron beam lithography process. An enlarged view of the 10 
mm x 10 mm square showing the zero point and 2 alignments marks is given in fig. 
3.9. While it is possible to fit 16 I-shaped conductors into a 10 mm x 10 mm wafer 
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sample, only 9 I-shaped conductors are used in the way we align the wafer sample. 
This was done with the objective of patterning the bulk of our micro- and nano-rods 
near the centre of the wafer sample where the photo-resist is most uniformly coated.  
We will explain how the second layer is aligned in the following sections.  
 
Fig. 3.9: Enlarged view of 10 mm x 10 mm square. The zero point and 2 alignments marks are 
used to for electron beam lithography alignment. 
 
Finally, the samples are exposed to UV light from the mercury lamp source. In the 
following paragraphs, we explain in greater detail the key parameters of this 
exposure step – optical printing methods and exposure time.  
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Different optical printing methods such as hard contact printing and vacuum 
printing are available on the MA6. Vacuum printing reduces diffraction effects of 
patterning but degrades pattern quality. Hence, hard contact was chosen as the 
method of optical printing in this project. It was also determined experimentally 
that this technique produces patterns with the best shape definition.  
 
The exposure time is also vital in determining the quality of patterns. Over-
exposure results in patterns bigger than the actual patterns on the photo-mask. 
However, as the patterns are relatively big, variation of exposure time does not 
significantly affect its quality. It might not be the case for patterns nearing the 
system resolution limit of 1.5 µm. 
 
The effect of standing waves was clearly visible in our I-shaped conductors. After 
exposure and development, the straight edges become jagged and might affect the 
positional accuracy of our alignment marks. These standing waves result when light 
waves propagate through a resist film down to the substrate and get reflected back 
up. The reflected waves interfere with the incident waves, creating constructive and 
destructive interference. This periodic variation of light intensity causes the resist to 
receive a non uniform amount of energy throughout the layer thickness.  
 
Development 
Following exposure, the sample was soaked in AZ 300MIF Developer to dissolve 
the irradiated regions, thereby defining the conductor pattern [1]. Manufactured by 
Clariant (Japan) K.K., the AZ 300 MIF Developer is an organic aqueous alkaline 
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developer based on tetra-methyl ammonium hydroxide (contains 2.38% of 
(CH3)4NOH in H20). 
 
To produce controllable line widths, routine experiments need to be performed to 
find the optimal developer concentration and developing time. To facilitate the 
determination of this developing time, the non-diluted AZ developer solution from 
the bottle is used. After testing with numerous samples, it has been deduced that the 
optimal developing time for conductor patterns is 30s. 
 
Fig. 3.10: An optical microscope image of conductor patterns after exposure and 
development. 
 
The patterns were then viewed under the optical microscope, as shown in fig. 3.10 
and checked to ensure that the conductor patterns were correctly transferred onto 
the samples. 
 
3.2.3 Thermal Evaporation and Lift-off Process of Gold 
Thermal Evaporation 
A physical vapour deposition technique is required to metallize the patterned 
conductors. Vacuum evaporation occurs when metal is heated to a liquid state 
allowing the molecules to escape into the chamber resulting in some of them being 
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deposited on the substrate. Two materials, namely Aluminium (Al) and Gold (Au), 
were initially considered for this process. Due to the target arrangements of the 
sputtering system in our laboratory, Al can be sputtered and evaporated while Au 
can only be evaporated. The sputtering of Al has the added advantage of a reduced 
fabrication time as the AJA sputtering machine has a load-lock which requires only 
5 minutes of pumping down to the required low pressure state (at least 4 hours of 
pumping down for the evaporator). However, initial results showed that Al does not 
remain chemically inert in the developer solution and is etched away, thereby 
creating deep trenches in the Al conductors. As a result, Au is chosen as the 
material for the patterned conductors. 
 
The KVC EV-2000 Thermal & E-beam Evaporator System, shown in fig. 3.11, is 
used in the laboratory to carry out evaporation of materials [3]. Materials with high 
melting points are evaporated with energy supplied from an electron beam while 
materials with lower melting points are evaporated using heat generated from a 
current flowing in a metal bolt. Hence, Au, with a relatively low melting point is 
evaporated thermally.  
 
Fig. 3.11: KVC EV-2000 Thermal & E-beam Evaporator System.  
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Before the actual thermal evaporation of Au, a thin 10 nm layer of Chromium (Cr) 
was deposited to serve as an adhesive layer between the 200 nm layer of Au and the 
silicon sample. The 2 thicknesses were carefully chosen to produce a conducting 
layer that adheres to the sample even after lift-off and wire-bonding. A layer that is 
too thin would be difficult to wire-bond while a layer that is too thick poses several 
problems at lift-off. In addition, it has to be noted that a lower evaporation pressure 
results in a high quality film. To achieve high surface uniformity, a pressure of 1.2 
x 10-6 Torr, corresponding to about 4 hours of pumping down, is necessary. Once 
the pressure is attained, the evaporation of Cr and Au is done one after another. The 
power used for every thermal evaporation varies and depends on the amount of 
material in the evaporation boats. To achieve a slow and stable rate of around 0.5 
Å/s for Au (0.1 Å/s for Cr), the power used for the KVC E-2000 evaporator system 
is typically in the region of 8-10% (16-20% for Cr).  
 
Lift-off 
As shown in fig. 3.12, the process of lift-off involves soaking the deposited sample 
in Acetone for a period of time to dissolve the non-irradiated regions of the 
photoresist.  
 
Fig. 3.12: Lift-Off Process [4].  




Depending on the thickness, rate of deposition and photolithography, the time for 
lift-off might vary for each fabricated sample. In this instance, the deposited film is 
relatively thick at 200 nm and might require a longer time for Acetone to reach the 
photoresist layer. After several experiments, it was deduced that a minimum of 24 
hours is necessary to effectively dissolve the non-irradiated regions. Care must also 
be taken to ensure that the sample remains wet and soaked in Acetone throughout 
the lift-off process. This is because the non-irradiated regions in prematurely dried 
samples are extremely difficult to remove even when placed in an ultrasonic bath. 
To check the status of lift-off, the samples are transferred into a Petri dish 
containing Acetone and observed using an optical microscope. 
 
Another important step was the usage of low power ultrasonic agitation to remove 
the non-irradiated regions “by force”. It has to be noted that if the deposition quality 
was less than ideal, ultrasonic agitation might remove entirely the deposited film. 
Special care is warranted when this mode of removal is employed.  
 
Following the completion of lift-off, the samples are transferred into another beaker 
containing isopropanol (to remove the acetone) and blown dry. Fig 3.13 shows the 
optical microscope image of the evaporated Au conductors. The good pattern 
quality can be observed in the conductors having a channel of dimensions 0.7mm x 
0.05mm. 




Fig. 3.13: Optical microscope images of Au conductors after evaporation and lift-off. The 
200nm layer of Au is adhered to the Si sample by a 10nm layer of Chromium. 
 
3.2.4 Second Layer Electron Beam Lithography Process  
The second layer involves the pattern transfer of arrays of magnetic rods on the 
channel of Au conductors. The photolithography process was initially considered 
for the task but after several experiments, we found the MA6 system incapable of 
regularly patterning structures in the scale of a few microns even though the 
resolution limit of the system is 1.5 µm. Jagged edges and shapes irregularities 
featured commonly in the MA6 patterned structures. Moreover, if we were to 
fabricate structures in the range of hundreds of nanometer, there would certainly be 
a need for an alternative lithographic method. 
 
The diffraction limit of optical lithography can be overcome by using an electron 
beam, which has a shorter wavelength, as an “exposure source” to pattern smaller 
structures. This system, otherwise known as electron beam lithography (EBL), can 
pattern features in the range of several tens of nanometer. With a much smaller 
wavelength, the EBL system can produce higher resolution patterns as compared to 
photo-lithography. 
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Given the availability of technology that allows a small-diameter focused beam of 
electrons to be scanned over a surface, an EBL system does not need masks to 
perform its task.  An EBL system simply 'draws' the pattern over the resist wafer 
using the electron beam as its drawing pen.  Thus, EBL systems produce the resist 
pattern in a 'serial' manner, making it slow compared to optical systems. 
 
A typical EBL system consists of the following parts:  1) an electron gun or 
electron source that supplies the electrons; 2) an electron column that 'shapes' and 
focuses the electron beam; 3) a mechanical stage that positions the wafer under the 
electron beam; 4) a wafer handling system that automatically feeds wafers to the 
system and unloads them after processing; and 5) a computer system that controls 
the equipment. The Elionix EBL system in our laboratory is shown in fig.3.14. The 
electron beam column can be seen at the left of the picture with the control panel on 
the right.  
 
Fig.3.14: Elionix electron beam lithography system.  
 
Spin coating 
Electron beam resists are usually polymer chains and exhibit physical or chemical 
change due to exposure to high energy electron beam. On exposure to the electron 
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beam, the positive resist will break down into less complex fragments with a lower 
molecular weight, making the exposed area more soluble compared to the 
unexposed area. In the fabrication of micro- and nano-rods, Poly methyl 
methacrylate (PMMA), a positive resist, is used. PMMA is an ultra-high resolution, 
high current positive resist used for nanolithography. It has poor sensitivity and 
poor dry etch resistance. It sticks well to almost any surface, lasts forever, is not 
white light sensitive, and gives very reproducible results. Using the spin-coater, the 
samples are coated with diluted PMMA at 6000 rpm (ramp speed of 1500 rpm) for 
40 seconds. This results in a resist thickness of around 120 nm. The samples are 
then soft-baked on a hot plate at 180ºC for 90 seconds.  
 
In preparation for exposure, the exposure pattern for each layer is created on 
AutoCad Software. The patterns are then converted to .CEL format compatible to 
the ElionixCad Software. The converted .CEL files are then loaded into the Elionix 
Control System and the samples are now ready for exposure. 
 
Exposure 
The samples are loaded into the electron beam column through the load-lock and 
the column is pumped down until the vacuum reaches 3x 10-5 Pa. The acceleration 
voltage used is 75 kV while the emission current is 219 µA and the beam current is 
50 pA. The necessary reference stage coordinates such as the corner coordinates of 
the sample are searched and keyed into the Elionix Schedule file, which controls the 
exposure of the sample. The exposure dose time of 0.017 µs/dot is used. The 
electron beam is then focused and the stage height is adjusted for exposure. 
Subsequently, the patterns are written on the sample. The samples are then 
unloaded and are ready for development.  





























Fig.3.15: Alignment of 2nd layer onto 1st layer. The top right corners of two dicing markers 
are used as alignment marks for 2nd layer electron beam lithography. 
 
Fig. 3.15 shows how the 2nd EBL layer is aligned onto the 1st optical layer. The top 
right corners of 2 dicing markers are used as alignment marks for 2nd EBL layer. 
However, since the dicing markers are produced by optical lithography, these top 
An enlarged 
view of a single 
conductor can be 
seen in fig. 3.2.
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right corners are usually jagged and imprecise at high magnification. This makes it 
difficult for the users to align the magnetic rods accurately onto the Au conductors. 
Nevertheless, since the width of the conductor is much larger than the size of 
magnetic rods, slight variations in position can be ignored. Moreover, we know that, 
other than at the edges, the magnetic field produced by the current flowing in the 




The development process is temperature dependent and hence there is a need for the 
development temperature to be constant at 20.5 ºC. This is achieved by submerging 
the beaker containing the development solution in a Thermal Bath with the 
temperature set at 20.5 ºC.  
 
The thermal bath used for temperature controlled development is shown in fig. 3.16. 
Before the development process, the development solution of diluted MIBK 
(MIBK: IPA= 1:3) is mixed and placed in the thermal bath. The exposed samples 
are then developed for 40 seconds and then rinsed in IPA solution for another 30 
seconds before blow drying them with nitrogen gas. The samples are then checked 
under high-power microscope to ensure complete development. 




Fig. 3.16: Thermal bath. To achieve consistent results, the developer solution and IPA 
solution are submerged in the thermal bath before development to attain a temperature of 
20.5 ºC. 
 
3.2.5 Thermal Evaporation and Lift-off Process of Permalloy  
Due to the higher melting point of permalloy, the E-beam evaporation mode of the 
KVC EV-2000 Thermal & E-beam Evaporator System was used to deposit the 
SiO2 and permalloy layers. 
 
After evaporation, the e-beam evaporated samples were similarly soaked overnight 
in acetone to remove the unexposed PMMA resist and subsequently in isopropanol 
to remove the remaining acetone.  The samples were blown dry with nitrogen gas 
and are ready for characterization. 
 
3.2.6 Wire-bonding and Mounting on 24-pin chip carrier 
The fabricated device has to be mounted on a 24-pin chip carrier in order to apply 
current to the conductors. This section looks in closer detail how the actual 
connections are made for current application.  Firstly the 10 mm x 10 mm chip is 
diced into four 5 mm x 5 mm chips in order to fit into the 24-pin chip carrier. Fig. 
3.17 shows how the 5 mm x 5 mm device is mounted on a 24-pin chip carrier. A 
square depression at the centre of the chip carrier allows the 5 mm x 5 mm 
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fabricated device to be glued on using silver paint. In addition, there are 24 metal 
contacts bordering the depression and they will be connected to the gold conductors 
on the fabricated device using gold wires from the K&S 4524A Multi Process Ball 
Bonder [6].  
 
Fig. 3.17: 5 mm x 5 mm silicon wafer sample mounted on a 24-pin chip carrier. 
 
It has to be noted that the depth of the depression is much larger than the thickness of 
the 5 mm x 5 mm device and a separate diced silicon wafer must be placed 
underneath to elevate our device to the level of the gold contacts. This prevents the 
cantilever from crashing into the higher areas of the device if lowered excessively.  
 
3.3 Conclusion 
The fabrication procedure of the device has been detailed in this section. 
Techniques such as photolithography and evaporation were explained in detail and 
key experimental parameters were documented. In addition, we summarized some 
of the critical problems encountered and their corresponding solutions.  
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DEVICE CHARACTERIZATION AND SIMULATION TOOLS 
  
    
4.1 Overview 
As the key objective of our work revolves around the observation of domain 
evolution in rod-shaped magnetic structures, it is imperative that we use magnetic 
imaging tools such as the magnetic force microscopy (MFM) and the Lorentz 
transmission electron microscopy (LTEM). In chapter 2, we compared the various 
techniques and verified the effectiveness of MFM as a magnetic imaging tool. In this 
chapter, we will explain in depth the workings of the scanning probe microscopy 
(SPM) and its various modus operandi such as MFM. We will also look at the 
experimental setup as well as the simulation tool for predicting micro-magnetic 
domains, Object Oriented MicroMagnetic Framework (OOMMF).  
 
4.2 Scanning Probe Microscopy (SPM) 
The SPM consists of a family of microscopy forms whereby a sharp probe is used to 
scan across a surface. Surface properties such as surface uniformity and magnetic 
orientation are obtained by monitoring the interaction between the tip and the surface. 
The primary forms of SPM are the Scanning Tunneling Microscopy (STM), Atomic 
Force Microscopy (AFM) and Magnetic Force Microscopy (MFM). In this work, we 
use the Digital Instruments Dimension 3100 Model which consists of AFM and 
MFM modules. The AFM maps the topography of samples while the MFM maps 
magnetic force gradient above the sample surface. Both modules can be used together 
to capture, analyze and explain domain evolution in magnetic structures. 
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4.2.1 Atomic Force Microscopy - Tapping Mode 
The tapping mode AFM operates by scanning a tip attached to the end of an 
oscillating cantilever across the sample surface. The cantilever is oscillated at or 
near its resonance frequency with amplitude ranging typically from 20 nm to 100 
nm. The tip lightly “taps” on the sample surface during scanning, contacting the 
surface at the bottom of its swing. Fig 4.1 depicts a cantilever oscillating in free air 
at its resonant frequency. A piezo stack excites the cantilever substrate vertically, 
causing the cantilever to move up and down. As the cantilever moves vertically, the 
reflected laser beam, or “return signal” reveals information about the vertical height 
of the sample surface and characteristics of the sample material itself. These 
material characteristics include elasticity, magnetism and presence of electrical 
forces.  
 
Fig. 4.1: Tapping cantilever in free air (Dimension 3100 .Manual Pg. 10-2 [1]) 
 
An example of line scanning is shown in Fig. 4.2. The crests correspond to the 
higher points of the sample while the troughs correspond to the lower points. 
Various parameters such as the scan-size, scan-rate and scan-height can be 
manipulated to obtain the optimal scan.  




Fig. 4.2: Line-scan revealing surface profile of sample (Dimension 3100 Manual Pg. 10-16 
[1]). 
 
Line-scans, when combined together in a same plot, trace out the surface plot of the 
sample. Fig. 4.3 shows an example of the surface plot of 6 rods.  
 
Fig. 4.3: Surface plot of sample containing 6 rods. 
 
4.2.2 Magnetic Force Microscopy 
In MFM, a tapping cantilever equipped with a special tip first scans over the surface 
of the sample to obtain topographic information. The tip then rises just above the 
sample surface and scans the surface for a second time to monitor the influence of 
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magnetic forces. MFM measures these influences using the principle of force 
gradient detection. Fig. 4.4 illustrates the workings of the MFM in 5 simple steps: 
1. Cantilever traces surface topography on first trace. 
2. Cantilever retraces surface topography on first retrace.  
3. Cantilever ascends to Lift scan height. 
4. Lifted cantilever profiles topography while responding to magnetic influences. 
5. Lifted cantilever re-profiles topography while responding to magnetic 
influences. 
Fig. 4.4: Illustration of workings of MFM (Dimension 3100 Manual Pg 15-2 [1]). 
 
Force Gradient Detection 
In the absence of magnetic forces, the cantilever has a resonant frequency f0. This 
frequency is shifted by an amount ∆f proportional to vertical gradients in the 
magnetic forces on the tip. The shifts in resonant frequency tend to be very small, 
typically in the range 1-50 Hz for cantilevers having a resonant frequency f0 ~ 100 
kHz. These frequency shifts can be detected in three ways: phase detection which 
measures the cantilever’s phase of oscillation relative to the piezo drive; amplitude 
detection which tracks variations in oscillation amplitude; and frequency 
modulation which directly tracks shifts in resonant frequency. In the Dimension 
3100 system in our laboratory, we use the phase detection as it normally produces 
results that are superior to amplitude detection.  
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Fig. 4.5 shows a Dimension 3100 MFM image of an imperfect 15 µm x 5 µm 
ellipse produced by optical lithography using an optical mask. Initially considered 
as a patterning technique for our permalloy rods, the idea was subsequently 
dismissed in favor of EBL due to the difficulty involved in consistently producing 
regular patterns. The left image corresponds to an AFM image where the higher 
(lower) regions of the sample are lighter (darker) in colour. In this image, the scan-
height and scan-size were set at 120 nm and 16.1 µm respectively. The image on the 
right is the corresponding MFM image of the ellipse. As explained in the previous 
paragraph, the magnetic cantilever experiences shifts in resonant frequency when in 
proximity with magnetic material. This tip-sample magnetic interaction allows us to 
draw out the different magnetic domains in the ellipse.  
 
Fig. 4.5: Example of a MFM Image. The left and right images correspond respectively to 
the AFM and MFM image.  
 
4.2.2.1 Types of Magnetic Tips 
Different magnetic tips with differing magnetic properties are available in the 
laboratory. They possess different magnetic moment and coercive forces 
depending on the thickness and material of the coated magnetic film. As the 
resolution of MFM images depends heavily on the choice of tip, it is imperative 
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that we choose a suitable tip for a particular type of magnetic material. Five types 
of tips, namely standard tips, low moment tips, high moment tips, low coercivity 
tips and high coercivity tips are used for MFM imaging [2]. In our work, we 
experimented with standard tips. 
 
The standard tip is typically used for scanning over hard disk media materials 
such as Co or Co alloy. It is thus designed to meet the high coercivity and 
sensitivity requirements of such scans. These tips, possessing a larger magnetic 
moment, generate larger magnetic fields at a few nanometers from the tip to 
achieve high resolution. However, a large magnetic field might also be unsuitable 
for magnetic samples with low coercivity. Zhu et al. demonstrated that the large 
stray field from the standard tip can easily perturb domains of the magnetically 
soft sample [3]. In the study, the stray field from the magnetic tip itself reversed 
the particle moment orientation while acquiring topography data or when the tip 
is very close to the sample. Model calculations show that in most cases the stray 
field from the tip is big enough to reverse the particle's moment. To reduce the 
tip's influence, one should be very careful in choosing the magnetic tip coating 
and the operating mode of the microscope.  
 
Fig. 4.6: Three consecutive scans of the same 200 nm x 500 nm particle using a 60 nm 
permalloy coated probe. The images were acquired in air using tapping/lift mode with a lift 
height of 80 nm on a Digital Instruments multimode nanoscope [3].  
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To study the influence of standard tips on our samples, scans were repeated over 
the same area and observed for differences as shown in fig. 4.7. Repeated MFM 
scans revealed no change to the domain configuration of ellipses. A standard tip is 
thus capable of imaging domain configurations without perturbing the initial 
domain state. However, extreme care must be practiced while scanning structures 
of different sizes. This easy and simple experiment must be conducted on every 
newly fabricated structure to test for stray field interaction.  
 
Fig. 4.7: Two consecutive scans of the same 15 µm x 5 µm particle using a standard tip. 
 
4.3 Vibrating Sample Magnetometer 
The vibrating sample magnetometer, shown schematically in fig. 4.8, is used to 
analyze magnetic properties of a sample based on Faraday’s Law of Electromagnetic 
Induction [4]. It employs an electromagnet which provides the magnetizing field 
(DC), a vibrator mechanism to vibrate the sample in the magnetic field, and detection 
coils which generate the signal voltage due to the changing flux emanating from the 
vibrating sample. The output measurement displays the magnetic moment M as a 
function of the field H. The VSM represents by far the most commonly used type of 
magnetometer. 




Fig. 4.8: Schematic illustration of the VSM. The hysteresis loop of the sample can be traced 
by applying an external magnetic field and detecting the change in signal voltage [4]. 
 
In fig. 4.8, the sample is placed in the measuring gap between electromagnetic poles 
and the vibration unit will cause the sample to vibrate in a sinusoidal motion, 
resulting in a change in magnetic flux. By Faraday’s law this change in magnetic flux 
will result in an induced voltage and this voltage is directly proportional to the rate of 
change of magnetic flux according to the following equation: 
V (t) = C (dφ/dt) 
where V (t) is the induced voltage across the terminals of the pickup coils, φ is the 
flux that results in the pickup coil caused by the vibration motion of the sample across 
the magnetic field.  




Fig. 4.9: Vibrating sample magnetometer. 
 
The M-H hysteresis loop is then plotted using the signals obtained from the pickup 
coils as well as the field sensor. Magnetic properties such as coercivity (Hc), 
saturation magnetization (Ms), remnant magnetization (Mr) and squareness (Mr/ Ms) 
can be obtained from the M-H loop. Fig. 4.9 shows the DMS Model 4 Vibrating 
Sample Magnetometer used to measure M-H loops [5]. 
 
The sensitivity of the VSM depends strongly on the magnetic moment of the sample 
M. This is the product of the magnetization of the sample (magnetic moment per unit 
volume) and the volume of the sample. In general, one prefers to use larger samples 
in order to get a larger signal and a better signal to noise ratio. To obtain the M-H 
hysteresis loops for the micron- and nano-sized rods, we need to pattern as many rods 
as possible on a blank 10 mm x 10 mm square wafer. However, as the EBL system 
produces the resist patterns in a ‘serial’ manner, a lot of writing time is required to fill 
up the entire 10 mm x 10 mm wafers with rods. To overcome this problem, we 
allowed the EBL process to run over the weekend. Our experimental measurements 
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showed a sufficiently large magnetic signal for micron-sized rods. However, the M-H 
hysteresis loops for nano-sized rods failed to register due to insufficient signal 
strength. 
  
4.4 Experimental Setup 
In chapter 3, we showed how the fabricated device is mounted on a 24-pin chip 
carrier in order to apply current to the conductors. The chip carrier is subsequently 
mounted on a printed circuit board as shown in fig. 4.10. The backside of the printed 
circuit board is shown in fig. 4.11. We apply current to the gold conductors using the 
Agilent E3640A DC Power Supply as shown in fig. 4.12.  
 
Fig. 4.10: Photograph of how the chip carrier is connected to the printed circuit board. 
 
Fig. 4.11: Photograph of the back side of the printed circuit board. 





Fig. 4.12: Photo example of how a 100 mA current is applied to the fabricated device using 
a DC power source. 
A simple experiment was also conducted at this stage to determine the maximum 
current that can be applied to the gold wires from the wire bonder. It was observed 
that currents larger than 650 mA melted the gold wires. Thus, care must be 
practiced while applying large currents to the device. To apply currents larger than 
650 mA, we can connect few gold wires in parallel to reduce the current that passes 
through each individual wire.  
 
4.5 Micro-magnetic Simulation (OOMMF) 
With the foremost objective of developing portable public domain software for 
performing micro-magnetic calculations, the Object Oriented MicroMagnetic 
computing Framework project was launched by Mike Donahue and Don Porter at the 
Mathematical and Computational Sciences Division of the Information Technology 
Laboratory (ITL) at the National Institute of Standards and Technology (NIST) in the 
United States of America. It utilizes a Landau-Lifshitz differential equation solver to 
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relax 3D spins on a 2D mesh of square cells, using fast fourier transform to compute 







dM ×××−= − αγγ  
where 
 M is the point-wise magnetization (A/m), 
 Heff is the point-wise effective field (A/m), 
 γ  is the Landau-Lifshitz gyromagnetic ratio (m/(A.s)), 
 α  is the damping coefficient (dimensionless). 
Anisotropy, applied field, and initial magnetization can be varied point-wise, and 
arbitrarily shaped elements can be modeled. Default implementations based on simple 
models and algorithms enable the OOMMF software to make micro-magnetic 
calculations as distributed on the Internet. The OOMMF software predicts domain 
configuration in thin films by calculating the various energies in a ferromagnetic 
body. By comparing the total energies of different configurations – single-domain 
and multi-domains, OOMMF is capable of determining the actual domain 
configuration, i.e. the configuration with the lowest total magnetic energy for 
ferromagnetic objects of various shapes and sizes.  
 
In our work, the 2D OOMMF software is used to predict the domain configuration of 
our micro-structures. The simulation results are then compared with the MFM images 
to determine the accuracy of the MFM. The operating procedure of the software is 
explained briefly in the following sections. The 3D version was considered to be 
unnecessary for the micro-magnetic simulation of our magnetic structures as they 
consist of a single material, i.e. permalloy. 
 




4.5.1 Main Program - mmLaunch 
To comprehend the operating procedure of OOMMF, it is central to review the 
basic framework of the program - mmLaunch. When OOMMF is first launched, 
only the main window, mmLaunch, is opened. mmLaunch, shown in fig. 4.13, 
controls six other program strings of the program: mmProbEd, mmSolve2D, 
mmDisp, mmGraph, mmDataTable, and mmArchive.  
 
Fig. 4.13: Graphical interface of the main window – mmLaunch. Other program strings of 
OOMMF such as mmProbEd and mmSolve2D can be launched using this window. 
 
4.5.2 Problem Editor - mmProbEd 
The first step of simulation involves defining a problem in the problem editor, 
mmProbEd shown in fig. 4.14. This includes defining material parameters, as well 
as the part geometry, initial magnetization, and the applied field and how it will be 
varied. The initial magnetization can also be selected from among a number of 
domain configurations. It has to be noted that temperature effects cannot be 
simulated using OOMMF (0K by default) and as a result, there might be 
disagreements between experimental results and simulated results. While this 
inadequacy disallows us from concluding on the exact domain configuration, it 
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certainly helps to indicate the possible configuration for a certain set of 
experimental conditions. 
 
Fig. 4.14: Graphical interface of the problem editor – mmProbEd. 
 
4.5.3 Problem Solver – mmSolve2D 
As shown in fig. 4.15, the problem solver, mmSolve2D, determines the domain 
configuration and transmits them to the remaining program strings: mmDisp, 
mmGraph, mmDataTable, and mmArchive. User interfaces in mmSolve2D can run 
and stop the simulation.  
 
Fig. 4.15: Graphical interface of the problem solver – mmSolve2D. 
 
4.5.4 Domain Display – mmDisp & mmArchive 
As shown in fig. 4.16, mmDisp displays a 2-dimensional picture of the magnetic 
moments and shows them as they rotate. This makes it easy to see when objects 
such as vortices form. mmArchive saves the data from a simulation to a file.  




Fig. 4.16: Graphical interface of mmDisp. The magnetization at different locations in the 
sample is displayed by arrow direction. 
 
4.5.5 Display of Hysteresis Loop – mmGraph 
In mmGraph, as shown in fig. 4.17, the user chooses from a long list of properties to 
graph. For instance, the hysteresis loop of a particular magnetic structure along the 
x-axis was plotted. 
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4.5.6 Display of Magnetic Properties – mmDataTable 
As shown in fig. 4.18, mmDataTable contains a long list of many of the same 
properties as mmGraph to be displayed in the form of a data table. 
 
Fig. 4.18: Graphical interface of  mmDataTable. 
 
4.5.7 Effect of Edge Roughness 
A simple OOMMF simulation can be used to highlight the effect of edge roughness 
on domain configuration. Three mask designs in fig. 4.19 were used to simulate the 
crowning effect. Since the thickness is determined by the relative darkness of the 
pixels in the bitmap, we varied the colour tone in the middle of the three squares 
from 100% black to 50% black and to 25% black.  
 
 
Fig. 4.19: Three different mask designs in OOMMF highlighting the effect of crowns in 
domain configuration. The colour tone of the masks are from left to right,  100% black, 
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The actual dimensions of the simulated squares are detailed in table. 4.1.  
Colour Tone Dimensions Thickness Height of crown 
100% black 100 nm x 100 nm 20 nm 0 nm 
50% black 100 nm x 100 nm 20 nm 40 nm 
25% black 100 nm x 100 nm 20 nm 80 nm 
Table 4.1: Dimensions of simulated squares.  
 
In the simulation, the 3 squares were initially saturated with in-plane field strength 
of -1T along the y-axis. The field was then removed to allow for the observation of 
the remanent domain configuration. Results of the simulation are shown in fig. 4.20.   
When the crown thickness was increased from 0 nm to 80 nm, the remanent domain 
configuration transformed to a ring-like domain configuration (refer to chapter 2 for 
the domain configuration of rings). This simple experiment highlighted the effect 
that crowns have on domain configurations. The effect is further accentuated in 
smaller structures where the size of crown becomes comparable to the size of 
structures. Thus, it is vital to observe and reduce the height of the crowns at the 
fabrication stage if possible. 
 




Fig. 4.20: OOMMF-calculated domain configurations of 100 nm x 100 nm squares. The 3 
rows correspond to squares having crowns of 0 nm, 40 nm and 80 nm. The left column 
shows the domain configuration in a saturating field of 1T while the right column shows the 
remanent domain configuration after removal of saturating field.  
 
 




In this chapter, we explained in detail the main characterization tool of our 
experiment – the Digital Instruments Dimension Scanning Probe Microscopy 
3100 (SPM). The surface profile and edge roughness of a sample can be determined 
using the atomic force microscopy (AFM) mode while the magnetization directions 
can be determined using the magnetic force microscopy (MFM) mode.  The 
hysteresis loop of the sample was measured using a DMS Model 4 Vibrating 
Sample Magnetometer. 
 
The technique of passing current through the metal conductors was also explained 
in this chapter. A K&S 4524A Multi Process Ball Bonder was used to wire-bond 
the sample to the chip carrier while an Agilent E3640A DC Power Supply was used 
to generate a constant current in the conductors.  
 
Our micro-magnetic simulation tool – the Object Oriented MicroMagnetic 
computing Framework (OOMMF) program was briefly documented in this chapter. 
It can determine the magnetization and domain configuration of mesoscopic 
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GENERATED MAGNETIC FIELD VALUE APPROXIMATION 
  
    
5.1 Overview 
In the previous chapters, we examined the fabrication process and characterization 
tools in the laboratory. In this chapter, we will examine how the approximate 
generated field value for a given current flowing through a particular conductor width 
is obtained. It is important at this stage to calculate the magnetic field strength 
generated by the current in both 50-µm-wide and 10-µm-wide Au conductors. 
Electron-beam lithographed 10-µm-wide Au conductors were used in our later 
experiments to generate larger magnetic fields (refer to chapter 7). Two different 
ways of calculation are devised and compared. 
 
5.2 Generated Field Value Calculation - Theoretical Approximation 
A simplified way of calculating the generated magnetic field strength is by assuming 
that the conductor area is much bigger than rods. In this case, the magnetic field 
calculation is simplified into a current-carrying plane as shown in fig. 5.1 where the 
magnetic field generated is parallel to the plane. The magnetic field at the surface of 
this sheet of current is [1]: 
     
2
0KB µ=  
where   B = magnetic field strength, 
    µ0 = permeability constant = 4π×10−7 T·m/A 
K = linear current density (A/m) 




Fig. 5.1: Magnetic field B(T) generated by a sheet of current density K (A/m).The area of the 
conductor is assumed to be significantly larger than the size of rods. 
 









= π  
The applied currents and their corresponding generated field values for widths of 50 
µm and 10 µm are shown in table 5.1 and table 5.2 respectively. 
50 µm wide Au conductors 














Table 5.1: Theoretical magnetic field values generated by current flowing through a 50 µm 
Au conductor. 




10 µm wide Au conductors 















Table 5.2: Theoretical magnetic field values generated by current flowing through a 10 µm 
Au conductor. 
 
The field values in table 5.1 and table 5.2 are theoretical values obtained through a 
simple assumption. To take into account the shape of the conductor as well as the 
type of material used, a finite element model must be employed to calculate the field 
values at specific locations of the conductors. The Finite Element Method Magnetics 
(FEMM) program presented in the next section allows us to calculate the field 
distribution as well as verify the results obtained in this section. It also has to be 
noted that physical limits such as the melting of Au conductors at high currents 
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5.3 Generated Field Value Calculation - Finite Element Method 
Magnetics (FEMM) 
The magnetic field strength can be calculated using a simulation program called the 
Finite Element Micro Magnetic (FEMM) [1-2]. This program is capable of solving 
low frequency 2D and axisymmetric magnetic problems using numerical calculations 
of Maxwell equations.  
 
5.3.1 Components of FEMM 
FEMM is a modular program which is divided into the following three parts: 
1. Preprocessor (femme.exe)  
This is a CAD-like program for laying out the geometry of the problem to be 
solved and defining material properties and boundary conditions. Autocad DXF 
files can be imported to facilitate the analysis of existing geometries. 
2. Solver (fkern.exe) 
The solver takes a set of data files that describe problem and solves the relevant 
Maxwell’s equations to obtain values for the magnetic field through the solution 
domain. 
3. Postprocessor (femmview.exe) 
This is a graphical program that displays the resulting fields in the form of 
contour and density plots. The program also allows the user to inspect the field 
at arbitrary points, as well as evaluate a number of different integrals and plot 
various quantities of interest along user-defined contours. 
 
5.3.2 Defining and Solving a Magnetic Field Problem 
In fig. 5.2, we define a magnetic field problem with the aid of the preprocessor. In 
this example, a 200-nm-thick 50-µm-wide gold (Au) block enclosed by a 70 µm x 
60 µm block of air is designed. Block labels defining material properties & mesh-
Magnetic Domain Study of Micron- and Nano-sized Permalloy Structures Induced by a Local Current 
 
77 
sizing for each section were placed within the respective sections for gold and air. 
As the properties of Au were not predefined in FEMM, the values of susceptibility, 
electrical conductivity and source current density were manually entered into the 
Block Property window as shown in fig. 5.3. The block properties of air are 
predefined in the program. 
 
Fig. 5.2: Defining a magnetic field problem using the preprocessor. In this window, a 200-
nm-thick 40-µm-wide Au conductor is placed in a block of air measuring 70 µm x 60 µm.  
 
After defining the magnetic field problem, the solver will proceed to break down 
the solution region into a large number of triangles, a vital part of the finite element 
process. As shown in fig. 5.4, both the regions of air and gold were broken down 
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into triangles of 100 nm in size. The astute selection of mesh size is critical to the 
successful implementation and accuracy of our calculations. Too small a mesh size 
will make it impossible to process (computational limitations) while too big a mesh 
size will render our calculations inaccurate. In all our simulations, a mesh size of 
100 nm was used. In fig 5.4, we can see that a mesh size of 100 nm effectively 
splits the 200-nm-thick Au conductor into 2 triangles which would be sufficient to 
give the estimated field strengths. We also experimented with a mesh size of 50 nm 
to further improve our field strength estimations but it was found to be impossible 
to compute (lack of memory).  
 
Fig. 5.3: Defining block properties of Gold. Being non-magnetic, a linear B-H relationship 
with the susceptibility of -1.42e-7 was chosen. The electrical conductivity was set as 45.45 
MS/m while the source current density was defined as 10000 MA/m2 (100mA). 
 




Fig. 5.4: Defining block properties of Gold.  
 
The coordinates and boundary conditions of each individual mesh are subsequently 
sent to the solver which applies and solves the relevant Maxwell’s equations to 
obtain values for the magnetic field through the solution domain. In the next section, 
we will examine the simulation results displayed by the postprocessor. 
 
5.3.3 Simulation results – Magnetic Field Distribution 
The field distribution simulation for a 100 mA current flowing through a 200-nm-
thick 50-µm-wide gold conductor is shown in fig. 5.5. As our magnetic elements are 
only 40 nm thick, we will look at the field value range on the surface of the 
conductor. In this field distribution plot, the field value on the surface of the 
conductor ranges from 36.6 Oe to 54.9 Oe. In addition, it is interesting to note that 
other than at the edges, the field distribution along the cross-section of the 
conductor is rather uniform. If the magnetic elements are patterned near the middle 
of Au conductors, they should switch at similar current values. In the regions few 
microns away from the Au conductors, the field distribution becomes slightly wavy 
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and less uniform. This is due to the small block area defined for air to speed up 
computational time. As our magnetic elements are located near the surface, we can 
ignore the discrepancies in calculation in the regions.  
 
 
Fig. 5.5: Magnetic field distribution generated by a 100 mA current flowing through a 200-
nm-thick 50-um-wide Au conductor. 
 
As the magnitude of applied current is linearly proportional to the generated field 
value, we can extrapolate the field values for different magnitudes of applied 
current. This is shown in table 5.3.  
 
It has to be noted that while the field distribution was observed to be relatively 
uniform across the cross-section of the conductor, i.e. FEMM scale from 36.6 Oe to 
54.9 Oe, we must still keep the induced field application as consistent as possible 
by imaging the magnetic structures situated in the middle of the conductor. This 
would eliminate the risk of having various magnitudes of induced field for the same 
applied current.  
 







50 µm wide Au conductors 





0 0 0 
100 36.6-54.9 12.6 
200 73.3-109.9 25.13 
300 109.9-164.5 37.70 
400 146.5-219.8 50.27 
500 183.2-274.7 62.84 
600 219.8-329.6 75.40 
700 256.3-384.6 87.97 
800 293.0-439.5 100.54 
900 329.7-494.5 113.10 
1000 366.3-549.4 125.67 
1100 402.93-604.3 138.24 
1200 439.6-659.3 150.80 
 
Table 5.3: Current values and their corresponding generated magnetic field values through a 
50 µm Au conductor. 
 
The field distribution simulation for a 100 mA current flowing through a 200-nm-
thick 10-µm-wide gold conductor is shown in fig. 5.6. The corresponding 
extrapolated field values are shown in table 5.4. It is interesting to note that the field 
values are only slightly larger than that of a 50-µm-wide Au conductor. While 10-
µm-wide Au conductors can provide a higher field value, it also melts at a lower 
current value. Hence, reducing the width of the Au conductor might not necessarily 
translate to a higher field value. This issue will be addressed in the next chapter. 




Fig. 5.6: Magnetic field distribution generated by a 100 mA current flowing through a 200-
nm-thick 10-um-wide Au conductor. 
 
10 µm wide Au conductors 





0 0 0 
100 58.0-87.0 62.84 
200 116.0-174.0 125.67 
300 174.1-261.0 188.51 
400 232.1-348.0 251.34 
500 290.1-435.0 314.18 
600 348.1-522.0 377.01 
700 406.1-609.0 439.85 
800 464.2-696.0 502.68 
900 522.2-783.0 565.52 
1000 580.2-870.0 628.35 
1100 638.2-957.0 691.19 
1200 696.2-1044.0 754.00 
 
Table 5.4: Current values and their corresponding generated magnetic field values through a 
10 µm Au conductor. 
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It has to be reiterated that the magnetic field values shown in table 5.3 and table 5.4 
are merely calculated values. The ability to achieve high magnetic field values 
experimentally depends on the maximum amount of current that a gold conductor can 
withstand. It has been observed experimentally that a current of 1000 mA and greater 
melts and destroys the 50-µm-wide Au conductors. 
 
5.4 Conclusion 
The field values for 10-µm-wide Au conductors obtained with FEMM simulation are 
approximately equal to their theoretical counterparts. However, the field values for 
50-µm-wide Au conductors obtained through simulation are 3-4 times larger than its 
theoretical values. These values will be used experimentally and compared with 
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EXPERIMENTAL PROCEDURE AND RESULTS  
– MICRON-SIZED RODS 
  
    
6.1 Overview 
In the previous chapters, we developed the fabrication process and examined the 
characterization tools in the laboratory. In this chapter, we will attempt to achieve the 
second objective of our research, i.e. to determine a suitable size for the free layer in 
the MRAM MTJ stack. The literature review in Chapter 2 gave us a brief overview of 
the advantages and disadvantages of the various shapes and sizes that are currently 
being researched. In this chapter, we will focus on characterizing the magnetic 
properties of a different shape, i.e. rod-like patterns which possess gently rounded 
edges for switching robustness. Four different sizes, namely 12 µm x 3 µm, 4 µm x 1 
µm, 800 nm x 200 nm and 200 nm x 50 nm were chosen to illustrate the differences 
in magnetic properties at micro- and nano-scale. The aspect ratio of 4:1 was chosen to 
favor a remanent magnetization direction along the easy axis of the rods when the 
applied field is relaxed. The array inter-elemental separations of the 4 sizes were 
fixed at 6 µm, 2 µm 400 nm and 100 nm respectively. As explained in Chapter 2, an 
array configuration was employed to study the variation in switching levels between 
neighboring elements. Ideally, all the elements in the array should switch at the same 
applied field level. However, due to slight shape differences, edge roughness and 
crowning effects, the elements switch at slightly different field levels. The array 
configuration allows us find the average switching field of all the rods and to ignore 
some of the damaged rods during MFM imaging. The experimental results have been 
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organized into Chapter 6 for 12 µm x 3 µm and 4 µm x 1 µm rods and Chapter 7 for 
800 nm x 200 nm and 200 nm x 50 nm rods. 
 
6.2 Experimental Procedure 
As shown in fig. 6.1 and fig. 6.2, the fabricated sample was initially saturated by a 
2000 Oe external applied field along the long axis (easy axis) of the rods (+y 
direction). This magnetic field was produced by a specially designed magnetic circuit 
utilizing an electromagnet. Due to the small size of the sample, the applied magnetic 
field could be considered homogeneous at the sample position. After removal of 
saturating field, the remanent magnetic configuration was imaged with the Digital 
Instruments Dimension 3100 MFM. For the comparative studies, the same group of 
elements was imaged during the entire field scan. It has to be noted that the 
measurements were made in air and at ambient temperature. 
 
Fig. 6.1: Diagram illustrating saturating field, applied current and generated field directions 
for characterization along easy axis. The conductors and rods are not drawn to scale. 
 x  




Fig. 6.2: Cross-sectional illustration of the device containing the Cr layer, the Au conductor 
and the array of NiFe rods. The dotted line represents the magnetic field generated by the 
circled cross represents the current going into the paper. 
 
To better illustrate the experimental procedure, we will make use of the fictitious 
hysteresis loop in fig. 6.3. The removal of the saturating field in the +y direction 
results in the formation of a domain configuration with the lowest total energy. This 
corresponds to point 1 in the hysteresis loop. Varying magnitudes of current were 
then applied in the +x direction to generate a reverse magnetic field in the -y 
direction and removed. The intermediate state domain configurations, corresponding 
to points 2, 3, 4 and 5, were again observed using MFM. It has be noted that the 
magnetization at points 1, 2, 3, 4, 5 and 6 are fictitious values and might not be in 
descending magnitude experimentally.  For instance, the predominant domain 
configurations being the flux-closure multi-domain configurations in micron-sized 
rods, most domain structures at relaxation possess close to zero overall 
magnetization. 




Fig. 6.3: Hysteresis loop of permalloy rods. Point 1 indicates the remanent state after 
removal of saturating field while points 2, 3, 4 and 5 correspond to the intermediate 
remanent states after application and removal of current. Point 6 corresponds to the 
reversed remanent state of rod. 
 
If the field generated from the current is sufficiently large to achieve magnetic 
reversal, we will observe the reversed state of point 1 at point 6. This continual 
process of observing domain changes allows us to map and understand the entire 
magnetic domain evolution process. The same experimental procedure was repeated 
for the same set of rods as well as for the other sizes in the hard axis direction. The 
long axes of the rods are patterned parallel to the length of the channel conductor. 




Fig. 6.4: Diagram illustrating saturating field, applied current and generated field directions 
for characterization along hard axis. The conductors and rods are not drawn to scale. 
Micro-magnetic calculations of domain configurations for an isolated rod were 
performed using the OOMMF program and compared with experimental domain 
structures. Fig 6.5 shows the mask design used for simulation. It is imperative to 
note that the simulations are based on an isolated rod. In the actual experiment 
where rods are placed in array configuration, the results might differ due to 
magnetic exchange coupling and slight shape differences between neighboring 
elements. It must also be noted that temperature effects cannot be simulated using 
OOMMF (0K by default) and as a result, there might be disagreements between 
experimental results and simulated results. While this inadequacy disallows us from 
concluding on the exact domain configuration, it certainly helps to indicate the 
possible configuration for a certain set of experimental conditions. As mentioned in 
Chapter 5, to keep the induced field application as consistent as possible, we image 
the magnetic structures situated in the middle of the conductor. 
 
Fig. 6.5: Mask design for OOMMF simulation. 
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The hysteresis loops of the rods were subsequently measured using a DMS Model 4 
Vibrating Sample Magnetometer (VSM) and compared with OOMMF simulated 
hysteresis loops. As explained earlier in Chapter 4, samples consisting of large arrays 
of rods were drawn by EBL to obtain a larger signal and a better SNR on the VSM. 
 
In the following sections, we will look at the results of our fabrication process, i.e. the 
shape definition, surface uniformity of rods and highlight some of the problems 
encountered. We will also compare and analyze the experimental and simulation 
results of domain configurations. 
 
6.3 Experimental and Simulation Results - 12 µm x 3 µm Rods 
6.3.1 Fabrication of 12 µm x 3 µm Rods – SEM & AFM 
The fabrication recipe for 12 µm x 3 µm rods was obtained after a series of dose 
tests. It differs from the recipe documented in Chapter 3 as these micron-sized 
patterns are much larger than the 50-nm resolution limit of the EBL system and 
hence, a bigger electron beam current could be used to reduce exposure time. A 100 
pA electron beam current (as opposed to a 50 pA current) was used. The thickness 
of the diluted PMMA 950 resist used was 500 nm and a dose time of 3.0 µs/dot was 
chosen. The exposure dose is 700 µC/cm2. The 300 µm x 300 µm chip used has a 
resolution of 60000 pixels/chip. The SEM image in fig. 6.6 shows an array of 12.08 
µm x 3.05 µm rods after SiO2/Permalloy electron beam evaporation. The inter-
elemental separation is approximately 5.86 µm. 




Fig. 6.6: SEM image of an array of 12 µm x 3 µm rods patterned using EBL. The exact 
dimensions of the rods are 12.06 µm x 3.05 µm. 
 
As shown in the SEM image, the rods have an excellent shape definition without the 
presence of crowns and jagged edges which could serve as unwanted magnetic 
pinning sites. The surface topography of eight 12 µm x 3 µm rods is captured in the 
AFM plot in fig. 6.7.  




Fig. 6.7: AFM image of eight 12 µm x 3 µm rods patterned using EBL. 
 
6.3.2 Easy Axis Characterization – MFM, OOMMF and VSM 
6.3.2.1 Initial Saturation 
A +2000 Oe saturating field was applied using an electromagnet along the long 
axis (easy axis) of the rods and removed. The MFM was subsequently used to 
capture the relaxed domain configurations of the rods. In fig. 6.8, we observe that 
all the rods possessed a similar quasi-single domain structure where the darker 
and lighter regions are in the left and righter rounded ends. The regularity in 
domain configuration confirmed the shape and size uniformity among the rods. 




Fig. 6.8: MFM image illustrating the domain configuration of 8 rods after saturation and 
relaxation.  
 
OOMMF micro-magnetic simulations were carried out to explain the domain 
structure observed in fig. 6.8. This set of OOMMF calculations was based on an 
isolated permalloy rod of lateral dimensions 12 µm x 3 µm and thickness 40 nm 
and a cell size of 20 nm. With the initial magnetic configuration set as random, a 
constant magnetic field of +2000 Oe was applied in-plane along the easy axis. 
After a relaxation process, the quasi-single domain structure, as shown in fig. 6.9, 
was observed. It consists primarily of a large central domain (magnetic moments 
oriented towards the left) and two vortices trapped at each rounded end of the rod. 
Each of the two vortices forms two 90° Bloch walls with the central domain.  In 
the enlarged images of fig. 6.10, we can observe that the OOMMF image agrees 
roughly with the MFM image we obtained. In MFM imaging of micron-sized 
structures, there will also be slight differences in the relative position of each 
vortex and 90° Bloch wall due to minor shape, size and thickness differences. 
Another possible reason could be the influence of the magnetic field  by the 
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standard MFM tip which might be strong enough to displace domain walls and 
vortices. 
OOMMF and MFM Image Comparison  
OOMMF Image 
(Presence of 2-T 
Saturating Field 
along the easy axis)   
ETotal = -857751 J/m3 
OOMMF Image 
(Removal of 2-T 
Saturating Field)  
ETotal = 1373 J/m3 
 
 MFM Image 
 
  
Fig. 6.9: MFM and OOMMF images of an isolated 12 µm x 3 µm rod after application and 





Fig. 6.10: Enlarged image of the quasi-single domain structure at right rounded end of 12 
µm x 3 µm rod.  
90° Bloch Walls Vortices 




Upon closer examination of the different quasi-single domain structures in fig. 6.9, 
we observe slight domain configuration variations in each of the rods. Depending 
on whether the vortex is oriented clockwise or counter-clockwise, the 90° Bloch 
wall might be aligned 45° upwards or downwards, as shown in fig. 6.11.  
  
  
Fig. 6.11: MFM image of two slightly different variants of the quasi-single domain 
configuration. 
 
6.3.2.2 Current Application  
The removal of the 2000 Oe saturating field in the +y direction produced a quasi-
single domain configuration. In this section, we will attempt to switch the 
magnetization of the 12 µm x 3 µm rods by applying a current in the +x direction 
to generate a reverse magnetic field in the –y direction. To better understand the 
magnetic reversal process, OOMMF micro-magnetic calculations were conducted 
before current application experiments. This set of OOMMF calculations was 
again based on an isolated permalloy rod of lateral dimensions 12 µm x 3 µm and 
thickness 40 nm and a cell size of 20 nm. To trace out the half hysteresis loop of 
the 12 µm x 3 µm rod along the easy axis, 180 field steps from -2000 Oe to +2000 
Oe were taken. The full hysteresis loop and domain structures at critical field 
values are shown in fig. 6.12. The reverse half hysteresis loop from +2000 Oe to -
2000 Oe was inferred from the forward half hysteresis loop. It would be ideal if 
more field steps were taken to accurately trace out the hysteresis loop. However, 
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the calculation of each field step is complex and might take up to few days to 
compute. As a result, we were only able to plot out a rough simulated hysteresis 
loop with slightly jagged kinks. To verify the accuracy of the simulated hysteresis 
loop, VSM measurements on a sample of 12 µm x 3 µm rods would be conducted 
in parallel. It can be seen from the simulated hysteresis loop that a 2000 Oe 


















Fig. 6.12: Simulated hysteresis loop of 12 µm x 3 µm rod along easy axis. Domain 
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It is crucial to note that these OOMMF simulations are in situ observations of 
domain structures, i.e. the rods are MFM-imaged in the presence of an external 
field.  In our laboratory, we do not have such capabilities as the Digital 
Instruments Dimension 3100 MFM system does not allow for in situ MFM 
imaging. In order to compare the OOMMF images with the MFM images, the 
different configurations in fig. 6.12 need to be relaxed i.e. placed in zero-applied 
field.  The domain configurations at critical field values are relaxed and shown in 
table 6.1.  
 
At a magnetic field of -2000 Oe, all the magnetic moments point towards the left 
in a single domain configuration. Relaxation of the structure yields the quasi-
single domain structure observed in the previous section. At a magnetic field of -
50 Oe, the magnetic moments at the rounded ends try to align themselves parallel 
to the edges. In an attempt to lower the total magnetic energy, two vortices start to 
form at the left and right rounded ends of the rod, thereby creating two 90 degree 
Bloch walls. Relaxation of this domain configuration gives rise to the same quasi-
single domain configuration albeit with a different Etotal value of 1339 J/m3. At a 
magnetic field of 0 Oe, the quasi-single domain configuration with Etotal value of 
1345 J/m3 was obtained. Similar to what we observed in the remanent state MFM 
domain configurations, each relaxed quasi-single domain structure differs slightly 
in the positions of their vortices and Bloch walls. These slight differences produce 
energetically similar states which can co-exist in the absence of a magnetic field. 
At an applied magnetic field of 50 Oe, the majority of the magnetic spins (other 
than those near the edges) are switched and oriented towards the right. Two rows 
of Néel-type cores parallel to the top and bottom straight edges of the rod are 
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formed. Relaxation of this domain structure gives the same structure with a high 
Etotal value of 1848 J/m3. At an applied field of 200 Oe, the two rows of Néel-type 
cores are expelled from the rod. The magnetic spins at the straight edge of the 
rods are oriented towards the left while the rest of the magnetic spins are oriented 
towards the right. Relaxation of this domain structure yields a similar structure of 
the one observed at an applied field of 50 Oe. It also has a high Etotal value of 
1932 J/m3. The magnetically reversed quasi-single domain structure was finally 
















Table 6.1: Domain configurations of an isolated 12 µm x 3 µm rod at critical field values 
along the easy axis. The 2nd column shows the in situ domain configuration while the 3rd 
column shows the corresponding relaxed domain configuration. The last column shows 
the total energy value for the relaxed domain configuration. 
 
To verify the switching field value, VSM measurements, shown in fig. 6.13, were 
conducted in parallel to plot the hysteresis loop of the 12 µm x 3 µm rod along its 
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easy axis. A coercive field value of 16.46 Oe was recorded. The corresponding 
coercive field value obtained in OOMMF simulation is 23.20 Oe. Both loops 
saturated at applied field values greater than 1000 Oe. The kinks present in the 
simulated hysteresis loop in fig. 6.12 were however not observed in the VSM 
hysteresis loop. Repeated VSM measurements with smaller field steps failed to 
produce the kinks observed in OOMMF. One possible reason is the shape, size 
and thickness differences in each of the fabricated rods. Due to slight differences, 
each rod has its own unique magnetic properties, i.e. coercive and switching 
fields etc. The VSM measures the total magnetic contribution from each of the 
rods and takes the average value from the entire array. Hence, it is possible that 
the kinks from each rod are averaged out and smoothened. Another possible 
reason is the different experimental conditions. In OOMMF micro-magnetic 
simulations, the calculations are based on an isolated rod at 0 K as opposed to an 
array of rods at room temperature for VSM measurements. It is not possible to 
run a simulation for an array of 12 µm x 3 µm rods due to time and computational 
constraints. For an isolated 12 µm x 3 µm rod, the simulation took more than a 
month to run. Relaxation of the domain structures at critical field values also 
required a significant amount of time. All the above mentioned reasons could 
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Fig. 6.13: Hysteresis loop of 12 µm x 3 µm rod along easy axis measured using VSM. The right 
plot shows an enlarged view of the loop at the critical field values. A coercive field of 16.46 Oe 
was measured. 
 
Different current magnitudes were passed through the Au conductor in an attempt 
to magnetically reverse the initial relaxed structure. Three MFM scans captured 
during the experiment are shown in the fig. 6.14. In the left MFM image captured 
after removal of saturating field along easy axis, the quasi-single domain structure 
was seen in all four 12 µm x 3 µm rods. It has dark and light colored regions in 
the left and right rounded ends of the rod. When an 800 mA current was applied, 
3 out of 4 rods switched to the magnetically reversed quasi-single domain 
structure. This structure has light and dark colored regions in the left and right 
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rounded ends of the rod. According to FEMM calculations in chapter 5, 800 mA 
corresponds to a generated field value of around 293.0 to 439.5 Oe. When a 1000 
mA current (generated field value of 366.3 to 549.4 Oe) was applied, all four 12 
µm x 3 µm rods switched. This experiment can be repeated successfully with 
current applications of ±1000 mA. The switching field value of 366.3 Oe to 549.4 
Oe corresponded to the OOMMF simulated value of around 500 Oe observed in 
fig. 6.12. It has to be noted that the relaxed domain structures at 50 Oe and 200 
Oe observed in table 6.1 were not obtained experimentally. These domain 










Fig. 6.14: Three MFM images captured during the easy axis characterization experiment.  
The left MFM scan shows the initial relaxed structure. The centre and right MFM scans 
show respectively the domain structures after removal of 800 mA and 1000 mA current 
applications. 
 
6.3.3 Hard Axis Characterization – MFM, OOMMF VSM 
6.3.3.1 Initial Saturation 
A +2000 Oe saturating field was applied using an electromagnet along the short 
axis (hard axis) of the rods and removed. The MFM was subsequently used to 
capture the relaxed domain configurations of the rods. Fig. 6.15 shows an MFM 
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image of 6 rods in the zero-applied field state. From the MFM image, we can 
easily identify two different flux-closure domain structures, referred to as the 3-
diamond and 2-diamond structure.  
 
Fig. 6.15: MFM image illustrating the remanent domain configuration of 6 rods. 5 rods 
displayed the 3-diamond flux closure state while the sixth rod (top centre) displayed a 2-
diamond flux closure state. 
 
To verify the existence of two stable multi-domain states at zero-applied field, we 
repeated the experiment and captured numerous MFM images on the same set of 
6 rods. The results were similar: 
1. Both the 3-diamond and 2-diamond structures occur in all the  
MFM images indicating the existence of two possible energetically stable 
states at zero-applied field. 
2. The frequency of occurrence of the 3-diamond structure is higher than that 
of the 2-diamond structure. In most cases, the 3-diamond structure is 
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3. Both the 3-diamond and 2-diamond structures can be observed in any of the 
6 positions, i.e. the occurrence of a certain structure at a position is not 
related to the shape anisotropy of the particular rod. We can assume safely 
that all the rods have the same shape anisotropy.  
 
To better comprehend the 3-diamond structure, a set of OOMMF simulations was 
carried out parallel to the MFM imaging. In fig. 6.16, we compare the MFM 
image of the 3-diamond structure with the OOMMF simulation image. This set of 
OOMMF calculations was based on an isolated permalloy rod of lateral 
dimensions 12 µm x 3 µm and thickness 40 nm and a cell size of 20 nm. With the 
initial magnetic configuration set as random, a constant magnetic field of 2000 Oe 
was applied in-plane along the short axis of the rod (hard axis). After a relaxation 
process, the 3-diamond OOMMF structure with Etotal value of 691 J/m3 was 
observed. As illustrated in the middle image of fig. 6.16, this 3-diamond structure 
can be interpreted as a closed thirteen-domain structure with four vortices. We 
can conclude that the 3-diamond structure is the correct domain configuration 
from the following two reasons: 
1. The 3-diamond structure has a higher frequency of occurrence than the 2-
diamond structure in the MFM images. 
2. The 3-diamond structure is also observed in the OOMMF simulation after a 
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Fig. 6.16: Comparative studies of the 3-diamond structure in 12 µm x 3 µm rods. The middle 
image shows an OOMMF image of the atomic spins. The bottom image shows the MFM scan 
of the 3-diamond configuration. 
 
To explain for the existence of the 2-diamond structure, a similar set of 
simulations on OOMMF was carried out. The major difference in this set of 
simulations is the application of an out-of-plane magnetic field instead of the in-
plane magnetic field applied previously. This saturating field of 10000 Oe in the –
z direction is motivated solely for the sake of reproduction of the MFM images. 
The MFM and OOMMF images are shown in fig. 6.17. The 2-diamond structure 
can be interpreted as a closed ten-domain structure with three vortices. Its Etotal 
value of 713 J/m3 is higher than the Etotal value of 691 J/m3 in 3-diamond domain 
configurations. Due to the relatively infrequent occurrence of this structure in the 
MFM images, we can conclude that its existence is linked to the presence of 
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global stray fields in the laboratory environment [1]. It is also possible that the 
structure exists due to the influence from the standard MFM probe [3].  
 
 
OOMMF and MFM Image Comparison  
OOMMF Image 
(Presence of 2-T out 
of plane Saturating 
Field )   
ETotal = -428130 J/m3
OOMMF Image 
(Removal of 2-T 
Saturating Field)  
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 MFM Image 
 
  
Fig. 6.17: Comparative studies of the 2-diamond structure in 12 µm x 3 µm rods. The middle 
image shows an OOMMF image of the atomic spins while the bottom image shows the MFM 
scan of the 2-diamond domain configuration.  
 
6.3.3.2 Current Application  
The removal of the saturating field produced 2 different domain configurations, 
termed the 3-diamond and 2-diamond configuration. This part of the experiment 
focuses on the main objective of our work, i.e. the understanding of domain 
evolution of micro structures vis-à-vis current applications. In this set of 
experiments, we attempt to apply current to rods with the 3-diamond structure as 
its initial configuration. To facilitate our study of the MFM images, we carry out a 
series of simulations to observe the domain evolution under the influence of an in-
plane field in the hard axis as shown in fig. 6.18.  
 

























Fig. 6.18: Simulated hysteresis loop of 12 µm x 3 µm rod along hard axis. Domain 
configurations corresponding to critical field values are shown in diagram. 
 
The simulations were computed based on an isolated 40-nm-thick rod of 
dimensions 12 µm x 3 µm and a cell size of 20 nm. Initially saturated by an in-
plane field of -2000 Oe along the short axis of the rod, the field was slowly 
reversed to +2000 Oe in the opposite direction. At an applied field of -2000 Oe, 
all the magnetic spins are aligned in the downwards direction. Relaxation of this 
domain structure shown in table 6.2 gives the 3-diamond domain structure 
observed previously. At an applied field of -100 Oe, 2 vortices appear at the top 
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diamond-shaped domain forms at the right rounded end of the rod. 4 Néel-type 
cores also appear in the middle part of the rod in an attempt to reduce the overall 
magnetization of the rod. Relaxation of the in situ domain structures observed in  
-100 Oe and -40 Oe gives rise to the structure which has a diamond-shaped 
domain and 4 or 5 Néel-type cores as shown in table 6.2. The number of Néel-
type cores depends on the relaxation condition. Actual experimental observations 
might also differ in the number of Néel-type cores as the Etotal values of these 
structures are almost similar in value.  As the field is reversed in the positive 
direction, the diamond-shaped domain grows in size and moves towards the 
centre of the rod. At an applied field of 80 Oe, all the Néel-type cores are expelled 
from the rod. However they re-enter the domain structure upon removal of 
applied field to reduce overall magnetization. The Etotal values corresponding to 
the relaxed domain structures of applied field values are 652 J/m3 and 634 J/m3. 
These values are again similar to the previous values. External magnetic influence 
from stray fields could easily “push” each domain structure across the energy 
barrier into different domain structures. This will be explained in the next 
paragraph. Finally with an applied field greater than 300 Oe, the rod saturates and 
relaxes to the magnetically reversed 3-diamond structure upon removal of applied 
magnetic field. It has to be noted that the 12 µm x 3 µm rods saturate along the 
hard axis of the rods at a lower field value than along the easy axis (greater than 
1000 Oe). Hence a lower current is needed to magnetically reverse the 3-diamond 
domain structure as compared to the quasi-single domain structure. However, the 
relaxed structures observed along the hard axis are all flux-closure states with 
similar energy values. These states are unstable and evolve to another domain 
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configuration easily. Their behavior is highly unpredictable and might not be 
suitable for data storage. 
Generated 
Field (Oe) 













Table 6.2: Domain configurations of an isolated 12 µm x 3 µm rod at critical field values 
along the hard axis. The 2nd column shows the in situ domain configuration while the 3rd 
column shows the corresponding relaxed domain configuration. The last column shows 
the total energy value for the relaxed domain configuration. 
 
To verify the switching field value, VSM measurements, shown in fig. 6.19, were 
conducted in parallel to plot the hysteresis loop of the 12 µm x 3 µm rod along its 
hard axis. A coercive field value of 17.30 Oe was recorded. The corresponding 
coercive field value obtained in OOMMF simulation is less than 10 Oe as the 
simulated loop does not exhibit any hysteresis. Other than a different coercive field 
value, both loops are approximately similar in shape and saturate at around 300 Oe. 
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The slight differences could be attributed to the various reasons explained in the 
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Fig. 6.19: Hysteresis loop of 12 µm x 3 µm rod along hard axis measured using VSM. The right 
plot shows an enlarged view of the loop at the critical field values. A coercive field of 17.30 Oe 
was measured. 
 
Different current magnitudes were passed through the Au conductor in an attempt 
to magnetically reverse the initial relaxed structure. The left MFM scan in fig. 
6.20 shows an array of 12 µm x 3 µm rods possessing the 3-diamond 
configuration. When a current of 700 mA was passed, all the rods switched to the 
magnetically reversed 3-diamond domain configuration. The magnetization in 
each domain was reversed as illustrated in the 2 MFM scans in fig. 6.20. In the 
left MFM scan, the middle diamond has a slightly darker shade. This is clearly 
different from the domain configuration in the right MFM scan where the 2 
diamonds at the two ends have a darker shade instead. The generated field 
strength of 256.3 Oe to 384.6 Oe agrees well with the saturation value of 
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Fig. 6.20: The left MFM image shows the initial domain configuration of the rods after removal 
of saturating field along the hard axis. The right MFM image shows the magnetically reversed 
3-diamond domain configuration obtained after removal of 700 mA current application. 
 
Currents less than 700 mA were also passed to obtain the intermediate state 
domain configurations observed in simulations. As shown in fig. 6.21, one of the 
intermediate state domain configuration observed in table 6.2 was obtained 
during the experiment. It has a large diamond domain as well as some Néel-type 
cores. However, similar to what we predicted, the behavior of the 12 µm x 3 µm 
rods was erratic and non-repeatable. This structure appeared at different current 
values and possessed different number of Néel-type cores [2]. During the 
experiment, other intermediate state domain configurations such as the 1-diamond 
and 2-diamond structures shown in fig. 6.22 were also observed at random current 
values.  
After removal of 
saturating field 
After removal of 
700 mA Current 
Middle diamond 
with darker shade 
Outer diamonds 
with darker shade 
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Fig. 6.21: OOMMF and MFM images of an intermediate state domain configuration. The rod 
possessed a large diamond domain and some Néel-type cores. 
 











Fig. 6.22: MFM images of other intermediate state domain configuration observed during hard 
axis characterization of 12 µm x 3 µm rods. 
 
Such non-repeatability might make it extremely challenging for data storage 
engineers to design the magnetic free layer based on the hard axis characterization 
of the 12 µm x 3 µm rod. One possible solution would be to make use of the 
repeatable experimental results of fig. 6.20. By using any one of the three 
diamonds in the 3-diamond domain configuration to store either bit ‘1’ or ‘0’, we 
could fabricate a magnetic device with relatively high reliability.  
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6.4 Experimental and Simulation Results - 4 µm x 1 µm Rods 
6.4.1 Fabrication of 4 µm x 1 µm Rods – SEM & AFM 
Arrays of 4 µm x 1 µm rods are fabricated using the same recipe detailed in section 
6.3.1. However, as the patterns are much smaller than previously, the lift-off 
process was slightly more difficult. Some resist stains remained on the edge of the 
rods after an overnight lift-off process. These stains must be removed as they render 
the sample difficult to image on the MFM system by introducing noise and large 
signal peaks. Due to their sticky nature, they might even remain on the MFM tips 
after scanning, thereby damaging them permanently. To remove the resist stains, 
the sample was soaked in a beaker of acetone and placed in an ultrasonic bath at 
20% power for 10 minutes. The sample was then transferred to a beaker of 
isopropanol and again placed in an ultrasonic bath at 20% for 10 minutes. The 
results of the “cleansing” process are shown in fig. 6.23. We can observe easily that 
most of the resist stains are removed from the rods. The surface topography of an 
array of 4 µm x 1 µm rods is traced out in the AFM plot in fig. 6.24. 
 
 




Fig. 6.23: SEM image of an array of 4 µm x 1 µm rods patterned using EBL. The exact 
dimensions of the rods are 4.018 µm x 1.018 µm. The inter-elemental separation is 
approximately 1.95 µm. 
 
Fig. 6.24: AFM image of an array of 4 µm x 1 µm rods patterned using EBL. 
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6.4.2 Easy Axis Characterization – MFM, OOMMF and VSM 
6.4.2.1 Initial Saturation 
A 2000 Oe saturating field was applied using an electromagnet along the long 
axis (easy axis) of the rods and removed. The MFM was subsequently used to 
capture the relaxed domain configurations of the rods. In fig. 6.25, we observe 
that all of the rods possessed a similar quasi-single domain structure. The 
regularity in domain configuration confirmed the shape and size uniformity 















Fig. 6.25: MFM image of an array of 4 µm x 1 µm rods after application and removal of 
+2000 Oe saturating field in the easy axis.  
 
To better comprehend the “single” domain structure, OOMMF micro-magnetic 
calculations were carried out in parallel. This set of OOMMF calculations was 
based on an isolated permalloy rod of lateral dimensions 4 µm x 1 µm and thickness 
40 nm and a cell size of 10 nm (instead of the 20 nm cell size used in 12 µm x 3 µm 
rod simulations). As explained previously, too small a cell size would be impossible 
to compute while too big a cell size would render the simulations inaccurate. A cell 
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size of 10 nm is best compromise for the simulation of 4 µm x 1 µm rods. With the 
initial magnetic configuration set as random, a constant magnetic field of 2000 Oe 
was applied in-plane along the easy axis. After a relaxation process, a similar quasi-
single domain structure, as shown in fig. 6.26, was observed. This structure differs 
from a conventional single domain structure which has all its magnetic moments 
aligned along the easy axis. Two vortices are formed at the rounded ends of the rods 
during the relaxation process, resulting in a lower energy domain structure. ETotal of 
the relaxed structure is 2683 J/m3. Resulting from the formation of the two vortices 
are two 90 degrees Bloch walls which are easily captured on the MFM.   
 
Fig. 6.26: OOMMF and MFM images of an isolated 4 µm x 1 µm rods after application and 
removal of +2000 Oe saturating field along the easy axis.  
 
Upon closer examination of the domain configurations in fig. 6.25, we can observe 2 
slightly different variants of the quasi-single domain structure. The 90 degrees Bloch 
walls in the two rods in fig. 6.27 are oriented in different directions. This is due to a 
slight difference in the relaxation process. Magnetic moments tend to align 
themselves along the edges when relaxed. Depending on whether the moments align 
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themselves n a clockwise or anti-clockwise fashion, we obtain two variants of the 
quasi-single domain structure. In fig. 6.27, the top vortex of left rod is in the 
clockwise direction while the top vortex of the right rod is in the counter-clockwise 
direction.  
 
Fig. 6.27: MFM image of two slightly different variants of the quasi-single domain 
configuration. 
 
6.4.2.2 Current Application  
The removal of the 2000 Oe saturating field in the +y direction produced a quasi-
single domain configuration. In this section, we will attempt to switch the 
magnetization of the 4 µm x 1 µm rods by applying a current in the +x direction 
to generate a reverse magnetic field in the –y direction. To better understand the 
magnetic reversal process, OOMMF micro-magnetic calculations were conducted 
before current application experiments. This set of OOMMF calculations was 
again based on an isolated permalloy rod of lateral dimensions 4 µm x 1 µm and 
thickness 40 nm and a cell size of 10 nm. To trace out the half hysteresis loop of 
the 4 µm x 1 µm rod along the easy axis, 200 field steps from -2000 Oe to 2000 
Oe were taken. The full hysteresis loop and domain structures at critical field 
values are shown in fig. 6.28. The reverse half hysteresis loop from 2000 Oe to -
2000 Oe was inferred from the forward half hysteresis loop. 
 





















Fig. 6.28: Simulated hysteresis loop of 4 µm x 1 µm rod along easy axis. Domain 
configurations corresponding to critical field values are shown in diagram. 
 
The domain configurations at critical field values are relaxed and shown in table 
6.3. At a magnetic field of -2000 Oe, all the magnetic moments point towards the 
left in a single domain configuration. Relaxation of the structure yields the quasi-
single domain structure observed in the previous section. At a magnetic field of    
-30 Oe, the magnetic moments at the rounded ends try to align themselves parallel 
to the edges. In an attempt to lower the total magnetic energy, two vortices start to 
form at the top left and bottom right corners of the rod, thereby creating two 90 
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central domain pointing towards the left. Relaxation of this domain configuration 
gives rise to another domain configuration that differs slightly from the initial 
relaxed state. The two vortices in the initial relaxed state are oriented in an anti-
clockwise direction while the latter has left clockwise and right anti-clockwise 
vortices. The total energies are 2683 J/m3 and 2690 J/m3 for the initial and latter 
domain configurations respectively. As the two domain configurations do not 
differ much energetically, experimental results should show a co-existence of 
both configurations at relaxation.  
Generated 
Field (Oe) 



















Table 6.3: Domain configurations of an isolated 4 µm x 1 µm rod at critical field values 
along the easy axis. The 2nd column shows the in situ domain configuration while the 3rd 
column shows the corresponding relaxed domain configuration. The last column shows 
the total energy value for the relaxed domain configuration. 
 
At an applied field of +30 Oe, we observe the first significant drop in 
magnetization magnitude (kink at +30 Oe in fig. 6.28). This can be attributed to 
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the proper entry of the 2 vortices in the domain configuration. Previously, the 
vortices were pinned at the edge of the rod. In the presence of a bigger reverse 
magnetic field (towards the right in table 6.3), more magnetic moments are 
oriented towards the right, resulting in the movement of the vortices. The left and 
right vortices shift towards the side walls of the rods. As the magnetic field was 
slowly increased to +40 Oe, it becomes more difficult energetically to maintain 
the central domain (red in color). The two vortices moved towards each other 
along the long axis of the rod to reduce the size of the central domain. At an 
applied field of +41 Oe, it becomes energetically impossible to maintain the 
central domain. The magnetic moments in the central domain rotate 180 degrees 
to form a central domain in the opposite direction (blue in color). Relaxation of 
the domain configuration at this stage gives the magnetically reversed quasi-
single domain structure. The vortices maintain their orientation during the 
rotation of the central domain. As the magnetic field was slowly increased the 
+2000 Oe, the vortices are “forced out”, giving a single domain configuration.  
 
Different current magnitudes were passed through the Au conductor in an attempt 
to magnetically reverse the initial relaxed structure. Three MFM scans captured 
during the experiment are shown in the fig. 6.29. As shown earlier, the saturating 
field aligns all the domain structures in a quasi-single domain configuration 
which consists of a darker top region and a lighter bottom region. When a 250 
mA current was applied, some of the domain structures switched to the 
magnetically reversed quasi-single domain structure which consists of a lighter 
top region and a darker bottom region. When a 300 mA was applied, all the 
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Fig. 6.29: Three MFM images captured during the experiment. The topmost MFM scan 
shows the initial relaxed structure. The middle and bottommost MFM scans show 
respectively the domain structures after removal of 250 mA and 300 mA current 
applications. 
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To determine the repeatability of the magnetic switching process, 300 mA 
currents in opposite directions were applied over and over again and the relaxed 
domain structures observed using the MFM. A consistent switching phenomenon 
which might prove interesting for the design of MRAM MTJ stack free layer was 
observed. According to FEMM calculations in chapter 5, 300 mA corresponds to 
a generated field value of around 109.9 Oe to 164.5 Oe. This value is 2 to 3 times 
the coercive field value of 41 Oe observed in OOMMF micro-magnetic 
simulations. To verify the switching field value, VSM measurements, shown in 
fig. 6.30, were conducted in parallel to plot the hysteresis loop of the 4 µm x 1 µm 















Fig. 6.30: Hysteresis loop of 4 µm x 1 µm rod along easy axis measured using VSM. The right 
plot shows an enlarged view of the loop at the critical field values. A coercive field of 27.74 Oe 
was measured. 
 
The kinks observed in the simulated hysteresis loop are less obvious in the VSM 
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entire array of 4 µm x 1 µm rods. Each rod has its slight differences in size, 
surface uniformity and shape definition, hence resulting in a different switching 
field. These little differences though unavoidable are capable of blurring the 
signal at the kinks. Nevertheless, in terms of squareness and coercive field value, 
the VSM hysteresis loop supports strongly the results from OOMMF micro-
magnetic simulation, i.e. the 4 µm x 1 µm rod has a proven coercive field in the 
range of 30-40 Oe. Hence, the generated field values from FEMM must be 
verified. One of the possible reasons for the disparity could be the large mesh size 
of the FEMM simulation. One way to resolve the problem would be to fabricate a 
device that would be capable of measuring the generated field strength 
experimentally. This was however not covered during the course of our work. 
Another reason could be the fact that the permalloy structures were not accounted 
for in our FEMM simulation. As such magnetic structures affect the magnetic 
flux generated by the conductor; it would be worthwhile to include these 
structures in future work.  
 
6.4.3 Hard Axis Characterization – MFM, OOMMF and VSM 
The easy axis characterization of the 4 µm x 1 µm rod provided us with an insight 
on how magnetic information could be stored. The left and right magnetization of 
the central domain in the quasi-single domain structure could serve as data bits 
‘1’ and ‘0’. In this section, we will focus on the hard axis characterization of the 4 
µm x 1 µm rod. Complete understanding of the magnetization reversal process 
along the hard axis is essential in analyzing the suitability of the element as a 
MRAM MTJ stack free layer. A half-selected magnetic element must retain its 
magnetization during read/write operations. 
 






6.4.3.1 Initial Saturation 
A +2000 Oe saturating field was applied using an electromagnet along the short 
axis (hard axis) of the rods and removed. The MFM was subsequently used to 
capture the relaxed domain configurations of the rods. In fig. 6.31, we observe the 
3-diamond configuration in most rods. The remaining rods either possess a 2-
diamond or the quasi-single domain configuration. 
 
 
Fig. 6.31: MFM image of an array of 4 µm x 1 µm rods after application and removal of 
+2000 Oe saturating field along the hard axis. The majority of rods possessed the 3-diamond 












Magnetic Domain Study of Micron- and Nano-sized Permalloy Structures Induced by a Local Current 
 
123 
OOMMF micro-magnetic simulations were again carried out to explain our 
observation. This set of OOMMF calculations was based on an isolated permalloy 
rod of lateral dimensions 4 µm x 1 µm and thickness 40 nm and a cell size of 10 
nm. With the initial magnetic configuration set as random, a constant magnetic 
field of +2000 Oe was applied in-plane along the hard axis. After a relaxation 
process, the 3-diamond domain structure, as shown in fig. 6.32, was observed. 
Similar to the 3-diamond domain structure observed in 12 µm x 3 µm rods, this 
structure can be interpreted as flux-closure thirteen-domain structure with four 
vortices. It has a total energy of 2182 J/m3. 
OOMMF and MFM Image Comparison  
OOMMF Image 
(Presence of 2-T 
Saturating Field 
along the hard axis)   
ETotal = -833330 J/m3
OOMMF Image 
(Removal of 2-T 
Saturating Field)  
 
ETotal = 2182 J/m3 
 
 MFM Image 
 
  
Fig. 6.32: Comparative studies of the 3-diamond structure in 4 µm x 1 µm rods. The middle 
image shows an OOMMF image of the atomic spins. The bottom image shows the MFM scan 
of the 3-diamond configuration. 
 
A similar set of simulations on OOMMF was carried out to explain for the co-
existence of the 2-diamond structure. Motivated solely for the sake of 
reproduction of the MFM images, a 10000 Oe out-of-plane magnetic field instead 
of the in-plane magnetic field was applied to the isolated rod. The MFM and 
OOMMF images are shown in fig. 6.33. The 2-diamond structure can be 
interpreted as a flux-closure ten-domain structure with three vortices. It has a total 
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energy value of 2031 J/m3. This observation was similar to what we observed in 
12 µm x 3 µm rods in the previous section. 
 
 
Fig. 6.33: Comparative studies of the 2-diamond structure in 4 µm x 1 µm rods. The middle 
image shows an OOMMF image of the atomic spins. The bottom image shows the MFM scan 
of the 2-diamond configuration.  
 
As observed earlier, some rods possessed the quasi-single domain configuration 
which has a total energy value of 2683 J/m3. The presence of this quasi-single 
domain configuration is much more difficult to explain as it is less energetically 
favorable. The sample was again saturated along the hard axis and scanned using 
the MFM. Similarly, some rods continue to possess the quasi-single domain 
configuration. The magnetic behavior of the rods along the hard axis is very 
unpredictable and might not be suitable for use in MRAM MTJ stack free layer.  
 
6.4.3.2 Current Application 
Similar to previous experiment, OOMMF micro-magnetic calculations with the 
same parameters were carried out beforehand. The full hysteresis loop and 
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domain structures at critical field values are shown in fig. 6.34. The reverse half 
hysteresis loop from 2000 Oe to -2000 Oe was inferred from the forward half 
hysteresis loop. 
6.4.3.2 Current Application        
Similar to the previous experiment, OOMMF micro-magnetic calculations with the 
same parameters were carried out beforehand. The full hysteresis loop and domain 












Fig. 6.34: Simulated hysteresis loop of 4 µm x 1 µm rod along hard axis. Domain 
configurations corresponding to critical field values are shown in diagram. 
 
The domain configurations at critical field values are relaxed and shown in table 
6.4. At a magnetic field of -2000 Oe, all the magnetic moments point downwards 
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yields the 3-diamond domain structure observed similarly in 12 µm x 3 µm rods. 
This domain structure is energetically more stable than the quasi-single domain 
structure observed in the previous section. Stray fields from the atmosphere can 

















Table 6.4: Domain configurations of an isolated 4 µm x 1 µm rod at critical field values 
along the hard axis. The 2nd column shows the in situ domain configuration while the 3rd 
column shows the corresponding relaxed domain configuration. The last column shows 
the total energy value for the relaxed domain configuration. 
 
At a magnetic field of -190 Oe, the magnetic moments at the left rounded edge of 
the rod attempts to align themselves parallel to the edge, resulting in the 
formation of 2 vortices. Relaxation of this domain configuration results in the 
formation of the 1-diamond domain structure. This structure can be interpreted as 
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a flux-closure seven-domain structure with two vortices and has a total energy of 
2689 J/m3. At a magnetic field of -167.5 Oe, a red diamond domain with upward 
magnetization forms at the left rounded end of the rod. In the growing presence of 
the upward magnetic field, the red diamond domain moves towards the centre of 
the rod. Relaxation at these field values give rise to the formation of the 1-
diamond domain structure. In the third column of table 6.4, we observe few 
variants of the 1-diamond domain structure with slightly different diamond 
positions. The total energy values of these structures also differ slightly. It is 
widely known that the magnetic field of the probe used for MFM imaging is 
strong enough to expel vortices from the particle [3]. Hence, slight differences in 
the position of the diamond domain due to tip-sample interaction might be 
observed during MFM imaging. As the applied magnetic field continues to 
increase in magnitude in the positive upward direction, the red diamond domain 
grows in size and pushes the vortices towards the rounded ends of the rods. 
Finally, at a magnetic field value of +2000 Oe, the two vortices are expelled from 
the rod. Relaxation at this stage again produces the flux-closure 3-diamond 
domain structure.  
 
To verify the switching field value, VSM measurements, shown in fig. 6.35, were 
conducted in parallel to plot the hysteresis loop of the 4 µm x 1 µm rod along its 
hard axis. A coercive field value of 18.45 Oe was recorded. A coercive field of 
3.33 Oe was obtained in simulation. 
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Fig. 6.35: Hysteresis loop of 4 µm x 1 µm rod along hard axis measured using VSM. A 
coercive field of 18.45 Oe was measured.  
 
Despite the difficulty encountered during the initial saturation state, we passed 
increasing magnitudes of current to switch between the different domain 
configurations. However, the results we obtained were similar to the results from 
the hard axis characterization of 12 µm x 3 µm rods. The domain changes were 
erratic and unpredictable. Various intermediate state domain structures were 
observed during our experiment. While it was possible to magnetically reverse the 
3-diamond domain structures in 12 µm x 3 µm, it was not possible with the 4 µm 
x 1 µm as a much bigger field strength is required (as shown in fig 6.34, the 
saturation field along hard axis is greater than 500 Oe).  
 
6.5 Comparison of 12 µm x 3 µm and 4 µm x 1 µm Rods 
The relaxed domain structures of 12 µm x 3 µm and 4 µm x 1 µm rods after 
saturation along both easy and hard axes are placed in comparison in fig. 6.36. The 
quasi-single domain structure with flux-closure ends are seen both in 12 µm x 3 µm 
and 4 µm x 1 µm rods. The 12 µm x 3 µm rod has a slightly more complicated flux 
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closure end which consists of two vortices and two 90° Bloch walls (refer to fig. 
6.10). In 4 µm x 1 µm rods, each flux closure end is made up of a vortex and a 90° 
Bloch wall. It was however difficult to observe the differences in the corresponding 
MFM images due to the lower resolution in 4 µm x 1 µm rod MFM images. The 
ETotal values of 12 µm x 3 µm and 4 µm x 1 µm rods are 1373 J/m3 and 2683 J/m3 
respectively.  
 
Fig. 6.36: OOMMF and MFM images of quasi-single and 3-diamond domain structure 
observed in 12 µm x 3 µm and 4 µm x 1 µm rods upon removal of saturating field along easy 
and hard axis respectively. 
 
The 3-diamond structures observed in rods of both sizes after relaxation of hard 
axis saturating field are similar as shown in fig. 6.36. The ETotal values of 12 µm x 3 
µm and 4 µm x 1 µm rods are 691 J/m3 and 2182 J/m3 respectively. It has to be 
noted that the ETotal value ratio of 3-diamond (2182 J/m3) and quasi-single (2683 
J/m3) domain structures in 4 µm x 1 µm rods are less significant than its 12 µm x 3 
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µm counterparts (691 J/m3 and 1373 J/m3 ). The 3-diamond structure is much more 
preferred in 12 µm x 3 µm rods than in 4 µm x 1 µm rods.  
 
The hard and easy axes current switching values and domain structures observed  in 
12 µm x 3 µm rods and 4 µm x 1 µm rods are summarized in fig. 6.37. A higher 
current magnitude (1000mA) is required to switch 12 µm x 3 µm rods along the 
easy axis than 4 µm x 1 µm rods (300mA). This is due to the numerous kinks and 
high saturation field of 12 µm x 3 µm along easy axis as shown in the simulated 
hysteresis loop of fig. 6.12. 4 µm x 1 µm rods offer a lower switching current which 
might prove to be more power efficient in MRAM devices.  
 
Fig. 6.37: Summary of Easy and Hard Axis Switching Characteristics in 12 µm x 3 µm and 4 
µm x 1 µm rods. 
 
Both rods possess unpredictable switching mechanisms along the hard axis. This 
can be explained in the simulated loops in figs. 6.18 and 6.34 which showed no 
hysteresis. Many unwanted domain structures were obtained in the process of 
switching the rods. The 3-diamond domain structure in 12 µm x 3 µm rods can be 
magnetically reversed with current applications of 1250 mA. The middle diamond 
domain could be used to store data bits ‘1’ and ‘0’. 
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In this chapter, there is a strong correlation between the experimental and 
simulation results. Except for some energetically impossible domain structures, 




In summary, the evolution of magnetic domain structures in the presence of an 
external magnetic field generated by a constant current was observed using a 
magnetic force microscope. The generated field was applied both along the long 
(easy) and short (hard) axes of the micron sized rods of lateral dimensions 12 µm x 
3 µm and 4 µm x 1 µm.  
 
A quasi-single domain structure was observed in micron sized rods of both sizes 
upon removal of saturating field along the easy axis. ±1000 mA and ±300 mA 
currents were able to magnetically reverse the 12 µm x 3 µm and 4 µm x 1 µm rods 
respectively. The magnetic reversal process was repeatable. 
 
For both 12 µm x 3 µm and 4 µm x 1 µm, two different domain structures, namely 
the 3-diamond and 2-diamond structures were observed upon removal of the 
saturating field along the hard axis. The 3-diamond structure is the true domain 
configuration while the 2-diamond structure was due to the influence from the local 
magnetic environment. Current applications generating a reverse magnetic field 
were able to magnetic reverse the 3-diamond domain structures in 12 µm x 3 µm. 
This was however not possible in 4 µm x 1 µm. 
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Micron-sized rods possess multiple flux-closure multi-domain configurations with 
similar energy levels. In the previous chapter, we saw how a small external magnetic 
field is able to alter the domain configurations from one form to another. For instance, 
a micron-sized rod can expel one of the vortices in the 3-diamond domain 
configuration to form an energetically similar 2-diamond domain configuration. Such 
unwanted transformations are highly unpredictable and could easily cause the 
malfunction of a MRAM device. The free layer of the MRAM MTJ stack must be 
able to retain its magnetization when in half-selected mode. In order to compare the 
switching robustness of micron- and nano-sized rods, 800 nm x 200 nm and 200 nm x 
50 nm rods are fabricated and characterized using the procedure described in the 
previous chapter. Their magnetic properties and suitability as the free layer in 
MRAM MTJ stack will be examined and analyzed. 
 
7.2 Experimental and Simulation Results – 800 nm x 200 nm Rods 
7.2.1 Fabrication of 800 nm x 200 nm Rods – SEM & AFM 
In the fabrication of micron-sized rods, an electron beam current of 100 pA was 
used. However, such a large electron beam current reduces patterning resolution 
considerably and might not be suitable for highly defined nano-sized magnetic 
structures. To improve the shape definition of the rods, a different fabrication recipe 
was employed. A 50 pA electron beam current as opposed to a 100 pA beam 
current was used. The PMMA 950 resist was further diluted to give a resist 
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thickness of approximately 120 nm. This thinner resist layer reduces crowning 
effect and improves shape definition. A dose time of 0.017 µs/dot and an exposure 
does of 700 µC/cm2 were chosen. The 60 µm x 60 µm chip used has a resolution of 
240000 pixels/chip. The SEM image in fig. 7.1 shows an array of 850 nm x 228 nm 
rods after SiO2/Permalloy electron beam evaporation. The inter-elemental 
separation is approximately 328 nm. 
 
Fig. 7.1: SEM image of an array of 800 nm x 200 nm rods patterned using EBL. The exact 
dimensions of the rods are 850 nm x 228 nm .The inter-elemental separation is approximately 
328 nm.  
 
The surface topography of an array of 800 nm x 200 nm rods is captured in the 
AFM plot in fig. 7.2. Even though a thinner photo resist was used, crowns, which 
appear as bright spots on the AFM plot, still formed around the edges of the rods. 
As mentioned earlier, these crowns introduce unwanted magnetic pinning sites and 
alter the switching field value of each individual rod. Each rod also differs slightly 
in shape and size due to the presence of crowns. To reduce the crowning effect, the 
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sample was soaked in a beaker of acetone and placed in the ultrasonic bath at 20% 
power for 10 minutes. It was subsequently transferred to a beaker of isoproponal 
and again placed in the ultrasonic bath at 20% power for 10 minutes. Finally, the 
sample was blown dry and ready for characterization. 
 
Fig. 7.2: AFM image of an array of 800 nm x 200 nm rods. 
 
7.2.2 Easy Axis Characterization – MFM and OOMMF 
7.2.2.1 Initial Saturation 
A +2000 Oe saturating field was applied using an electromagnet along the long 
axis (easy axis) of the 800 nm x 200 nm rods and removed. The MFM was 
subsequently used to capture the relaxed domain configurations of the rods. In fig. 
7.3, we observe the single domain configuration in all the rods. 




Fig. 7.3: MFM image of an array of 800 nm x 200 nm rods after application and removal of 
+2000 Oe saturating field in the easy axis.  
  
OOMMF micro-magnetic simulation on an isolated 800 nm x 200 nm rod was 
carried out to verify the single domain configuration. In the simulation, a +2000 
Oe saturating field was applied along the easy axis of the rod and removed. A 5 
nm cell size was chosen instead of the 20 nm cell size used in 12 µm x 3 µm rods. 
While it was important experimentally to maintain the cell size in all simulations 
(similar simulation conditions), a smaller cell size was considered to give a more 
accurate simulation. The OOMMF and MFM domain configurations are placed 
side by side for comparison in fig. 7.4. The simulation result agreed well with our 
experimental observation. In the relaxed OOMMF domain configuration, we can 
observe blue and red regions respectively in the left and right rounded ends of the 
rod. This is because the magnetic spins at the rounded ends try to align 
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themselves parallel to the edges to reduce total magnetic energy. This single 
domain structure has a total energy of 17679 J/m3. 
 
Fig. 7.4: OOMMF and MFM images of an isolated 800 nm x 200 nm rod after application 
and removal of a +2000 Oe saturating field along the easy axis.  
 
 
7.2.2.2 Current Application  
 
The removal of the +2000 Oe saturating field along the easy axis (+y direction, 
refer to fig. 6.1) of the rods produced a single domain configuration. Similar to 
the micron-sized rods, we will attempt to switch the magnetization of these 800 
nm x 200 nm rods by applying a current in the +x direction to generate a reverse 
magnetic field in the –y direction. OOMMF micro-magnetic calculations based 
on an isolated permalloy rod of lateral dimensions 800 nm x 20 nm, thickness 40 
nm and cell size of 5 nm were conducted before current application experiments. 
The half hysteresis loop of the 800 nm x 200 nm rod was calculated by taking 300 
field steps between -2000 Oe and 2000 Oe. The full hysteresis loop and domain 
structures at critical field values are shown in fig. 7.5. The reverse half hysteresis 
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Fig. 7.5: Simulated hysteresis loop of 800 nm x 200 nm rod along easy axis. Domain 
configurations corresponding to critical field values are shown in diagram. 
 
 
The domain structures in fig. 7.5 and their corresponding relaxed structures are 
shown in table 7.1. At an applied field of -2000 Oe, all the magnetic spins are 
oriented left in a single domain configuration. As the field is slowly increased in 
the opposite direction, vortices enter the rod in an attempt to reduce the total 
magnetization of the rod. The domain structure at an applied field of +105 Oe 
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Relaxation of this domain structure yields the quasi-single domain structure seen 
in 4 µm x 1 µm rods.  It contains 2 vortices trapped at the rounded ends of the 
rods and a central domain oriented towards the left. As the applied field continues 
to increase, it is no longer possible to retain the magnetization of the central 
domain. The two vortices move towards each other to reduce the size of the 
unsustainable central domain. At an applied field of 175 Oe, the central domain 
becomes magnetically reversed. Relaxation at this point yields the magnetically 
reversed quasi-single domain structure.  
Generated 
Field (Oe) 







Table 7.1: Domain configurations of an isolated 800 nm x 200 nm rod at critical field 
values along the easy axis. The 2nd column shows the in situ domain configuration while 
the 3rd column shows the corresponding relaxed domain configuration. The last column 
shows the total energy value for the relaxed domain configuration. 
 
Upon closer examination of the relaxed structures from field values -2000 Oe and 
105 Oe, we observe 2 slightly different variants of the single domain structure. 
Due to the formation of 2 vortices, the latter structure has a lower total energy of 
15579 J/m3. An enlarged MFM image of an 800 nm x 200 nm rod (as shown in 
fig. 7.4) was captured to verify the actual domain configuration. However, due to 
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the presence of crowns in the 800 nm x 200 nm rods, it was not possible to 
determine the actual domain configuration. Even in the absence of crowns, the 
relaxed domain structure at 105 Oe might also be energetically impossible in 
theory. For nano-sized structures, the cost of maintaining a 90° Bloch wall might 
be too high as compared to the single domain configuration seen in the relaxed 
structure at -2000 Oe. Having 2 domain structure variants might prove tricky if 
the 800 nm x 200 nm rod was employed as the MRAM MTJ stack free layer as 
both structures would inevitably have different switching fields. The magneto-
resistive ratio might also give a wide range of values. We could isolate this issue 
by just considering the middle portion of the rod which is almost single domain 
and similar in both configurations. 
 
In fig. 7.6, 5 MFM images corresponding to different current application values 
are shown. In the initial relaxed structure, all of the rods possessed a single 
domain configuration with the darker and lighter coloured regions in the left and 
right respectively. When a 500 mA (FEMM equivalent of 183.2-274.7 Oe) 
current was flowed through the Au conductor, all of the rods maintained its 
magnetization. The FEMM equivalent field value should be high enough to 
magnetically reverse the rods which have a coercive field of 175 Oe (as shown in 
table 7.1). However, similar to what we observed in 12 µm x 3 µm and 4 µm x 1 
µm rods, a larger current was needed to generate the required switching field. 
When a 750 mA current (FEMM equivalent 274.6-439.1 Oe) was passed, few 
rods were magnetically reversed. When a 1000 mA current (FEMM equivalent 
366.3-549.4 Oe) was passed, around 50% of the rods were magnetically reversed. 
When a 1250 mA current (FEMM equivalent 457.5-686.3 Oe) was passed, all of 
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the rods became magnetically reversed. The FEMM equivalent field value is 








Fig. 7.6: Five MFM images captured during the experiment. The top left MFM scan shows the 
initial relaxed structure. The MFM image captured after current applications of 500 mA, 750 
mA, 1000 mA and 1250 mA are shown in the remaining images. 
Initial relaxed structure - After 
removal of saturating field 
 After 500 mA  
Current Application 
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Current Application 
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Current Application 
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The magnetic reversal process of these 800 nm x 200 nm rods was tested several 
times and showed to be highly repeatable. However this 1250 mA current 
application is too high to be considered for electronic devices. It would consume a 




7.2.3 Hard Axis Characterization – MFM and OOMMF 
7.2.3.1 Initial Saturation 
OOMMF micro-magnetic simulation on an isolated 800 nm x 200 nm rod of 40 
nm thickness was carried out to verify the single domain configuration. In the 
simulation, a +2000 Oe saturating field was applied along the hard axis of the rod 
and removed. A 5 nm cell size was chosen. The simulation gave a 3-diamond 
domain configuration (ETotal = 17374 J/m3) at relaxation in fig. 7.7. Similar to the 
micron-sized rods, the 3-diamond structure can be interpreted as a closed thirteen-
domain structure with four vortices. This domain configuration was however not 
observed in our MFM images after the removal of saturating field in the hard axis. 
In nano-sized structures, domain walls are energetically more expensive and 
difficult to maintain. In table 7.1, the ETotal values of the two variants are 15579 
J/m3 and 17679 J/m3. Both values are either comparable or lower than the ETotal of 
the 3-diamond domain configuration. Hence the 3-diamond domain configuration, 









Fig. 7.7: OOMMF image of an isolated 800 nm x 200 nm rod after application and removal 
of a +2000 Oe saturating field along the hard axis.  
 
7.2.3.2 Current Application  
Currents up to 1200 mA (FEMM equivalent of 439.6-659.3 Oe) in magnitude 
were applied to magnetically induce the 800 nm x 200 nm rods. MFM images 
captured before and after current applications showed no change in magnetization. 
A larger current would not be possible as it would melt the Au conductors and 
destroy the rods. To better understand this observation, OOMMF micro-magnetic 
simulation along the hard axis of the rod was carried out. . The hysteresis loop 
and domain structures at critical field values are shown in fig. 7.8. At an applied 
field of -2000 Oe, the rod saturates with all its magnetic moments pointing 
downwards along the hard axis. When the field is slowly reversed to -690 Oe, the 
magnetic moments try to align themselves parallel to the edges, resulting in the 
entry of a vortex at the right rounded end. As the field is slowly increased in the 
opposite direction to 1640 Oe, the vortex moves accordingly from right to left in 
the rod. Relaxation of the rod at this point in time results in a single-vortex flux-
closure domain structure (ETotal = 21633 J/m3). The ETotal value of the single-
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vortex structure is however much higher than the single domain structures 
observed earlier. Hence, it might be again difficult for this structure to form in 
reality. When the field is increased to +2000 Oe, the rod again saturates with all 
its magnetic moments aligned along the hard axis. The domain structures in fig. 






























Fig. 7.8: Simulated hysteresis loop of 800 nm x 200 nm rod along hard axis. Domain 
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Table 7.2: Domain configurations of an isolated 800 nm x 200 nm rod at critical field 
values along the hard axis. The 2nd column shows the in situ domain configuration while 
the 3rd column shows the corresponding relaxed domain configuration. The last column 
shows the total energy value for the relaxed domain configuration. 
 
7.3 Experimental and Simulation Results - 200 nm x 50 µm Rods 
7.3.1 Fabrication of 200 nm x 50 nm Rods – SEM & AFM 
Arrays of 200 nm x 50 nm rods are fabricated using the same recipe detailed in 
section 7.2.1. The SEM and SPM images of the 200 nm x 50 nm rods are shown in 
fig. 7.9 and fig. 7.10 respectively.  A series of dose tests was conducted to fabricate 
the 200 nm x 50 nm rods. The lateral dimensions of the rods are approximately 226 
nm x 73.9 nm. The inter-elemental separation is approximately 140 nm. Due to the 
way the patterns were drawn, the rounded edges are slightly over-exposed, resulting 
in a narrower middle portion. Similar to the 800 nm x 200 nm rods, crowns can still 
be seen around the edges of the rods despite our efforts to reduce crowning effects.  




Fig. 7.9: SEM image of an array of 200 nm x 50 nm rods patterned using EBL. The exact 
dimensions of the rods are 226 nm x 73.9 nm .The inter-elemental separation is 
approximately 140 nm.  
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7.3.2 Easy Axis Characterization – MFM and OOMMF 
7.3.2.1 Initial Saturation 
A +2000 Oe saturating field was applied using an electromagnet along the long 
axis (easy axis) of the 200 nm x 50 nm rods and removed. The MFM was 
subsequently used to capture the relaxed domain configurations of the rods. In fig. 
7.11, we observe the single domain configuration in all the rods. The single 
domain configuration of a single 200 nm x 50 nm rod is highlighted using the red 
rectangle. It may be slightly difficult to distinguish the position of each rod as 
magnetic signal is also detected in the gaps between rods. This magnetic signal 











Fig. 7.11: MFM image of an array of 200 nm x 50 nm rods after application and removal of 
+2000 Oe saturating field in the easy axis.  
 
The single domain structure was confirmed by our OOMMF micro-magnetic 
simulation results shown in fig. 7.12. The set of OOMMF simulation was based on an 
isolated of lateral dimensions 200 nm x 50 nm, thickness 40 nm and cell size 2 nm. 








the left and  
right ends 
respectively. 
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OOMMF and MFM Image Comparison  
OOMMF Image 
(Presence of +2000 
Oe Saturating Field 
along the easy axis)   
ETotal = -816350 J/m3 
OOMMF Image 
(Removal of +2000 
Oe Saturating Field 
along the easy axis)   
ETotal = 43495 J/m3 
Fig. 7.12: OOMMF image of an isolated 200 nm x 50 nm rod after application and removal 
of a +2000 Oe saturating field along the easy axis.  
 
7.3.2.2 Current Application  
Currents up to 1200 mA (FEMM equivalent of 439.6-659.3 Oe) in magnitude 
were applied to magnetically induce the 200 nm x 50 nm rods. MFM images 
captured before and after current applications showed no change in magnetization. 
This was verified by the simulated hysteresis loop in fig. 7.13 which showed a 
coercive field of around 1400 Oe. The generated field from a 50 µm conductor 
was not strong enough to magnetically reverse the magnetization of the rods. This 
set of OOMMF micro-magnetic simulations was similarly based on an isolated 
permalloy rod of lateral dimensions 200 nm x 50 nm, thickness of 40 nm and cell 
size of 2 nm. With the aim of increasing the generated field strength through an 
increased current density, these 200 nm x 50 nm rods were subsequently 
patterned on top of 10 µm Au conductors. In our chapter 5 FEMM simulation, we 
showed that a narrower conductor gave a higher current density and hence a 
stronger generated field strength with the same current magnitude. However it 
was not possible to magnetically reverse these structures as the 10 µm conductors 
melted at a current value of 500 mA (FEMM equivalent of 290.1-435.0 Oe). The 
domain structures in fig. 7.13 and their corresponding relaxed structures are 
shown in table 7.3.  




























Fig. 7.13: Simulated hysteresis loop of 200 nm x 50 nm rod along easy axis. Domain 












Table 7.3: Domain configurations of an isolated 200 nm x 50 nm rod at critical field 
values along the easy axis. The 2nd column shows the in situ domain configuration while 
the 3rd column shows the corresponding relaxed domain configuration. The last column 
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The coercive field Hc of the 200 nm x 50 nm was verified by the series of MFM 
images shown in fig. 7.14. The rods magnetically reversed at applied field 
strength of 1600 Oe. To aid the reader in understanding the single domain 
structures in the topmost and bottommost MFM images, red and blue rectangles 
have been added to mark out the domain configuration of a single 200 nm x 50 
nm rod. One interesting observation is the larger than normal single domain 
structure in the middle MFM image. These single domain structures are aligned in 
random directions and hence the magnetic signal from exchange coupling is weak 
and not detected by MFM. However, if we look at an area with a long line of 
single domain structures with the same magnetization direction (marked by the 
green rectangle in the middle MFM image), we can observe single domain 




















Fig. 7.14: From top to bottom, three MFM images captured after the removal of -2000 
Oe saturating field, +1400 Oe field and +1600 Oe field. Magnetic reversal was achieved 
at an external field o f ±1600 Oe. 
 
7.3.3 Hard Axis Characterization – MFM and OOMMF 
7.3.3.1 Initial Saturation 
OOMMF micro-magnetic simulations based on an isolated permalloy rod of 
lateral dimensions 200 nm x 50 nm, thickness 40 nm and a cell size of 2 nm were 
Initial relaxed structure - After 
removal of saturating field 
 After 1400 Oe 
Field Application 








Long line of 
single domain 
structures Æ 
the rods appear 
smaller than 
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carried out. With the initial magnetic configuration set as random, a constant 
magnetic field of +10000 Oe was applied in-plane along the hard axis. Removal 
of the saturating field yields the 1-diamond domain structure in fig. 7.15 observed 
in micron-sized rods of the same aspect ratio. This structure can be interpreted as 
having 2 vortices and 7 distinct domains. Its total magnetic energy of 88910 J/m3 
is much higher than the total magnetic energy of 43495 J/m3 seen in the single 
domain configuration. Hence, it is very unlikely for the 200 nm x 50 nm rods to 
take up 1-diamond domain configuration. Repeated saturation and removal of in-
plane field along the hard axis failed to produce the 1-diamond domain 
configuration observed in OOMMF simulations. 
OOMMF and MFM Image Comparison  
OOMMF Image 
(Presence of +10000 
Oe Saturating Field 
along the hard axis)   
ETotal = -669666 J/m3 
OOMMF Image 
(Removal of +10000 
Oe Saturating Field 
along the hard axis)   
ETotal = 88910 J/m3 
 




Fig. 7.15: OOMMF image of an isolated 200 nm x 50 nm rod after application and removal 
of a +10000 Oe saturating field along the hard axis.  
 
7.3.3.2 Current Application  
The simulated hysteresis loop of an isolated 200 nm x 50 nm rod is shown in fig. 
7.16.  The magnetization curve showed no hysteresis. Under a Stoner Wohlfarth 
rotation process, individual magnetic spins are rotated in synchronization with the 
size of applied field. A similar result was observed in a separate experiment by 
Wei et al. [1]. Using the micro-magnetic simulation to study the reversible 
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magnetization processes of the single domain elliptical permalloy particles, he 
observed that the magnetization curve of the reversible process, which has no 
hysteresis, obtained by applying the field along the hard axis of the elliptical 
particle is almost linear, as is in the single-domain ellipsoidal particle. To better 
illustrate the magnetic behaviour of the 200 nm x 50 nm rod, its magnetization 
process can be compared with its corresponding Stoner-Wohlfarth ellipsoid [2]. 



























Fig. 7.16: Simulated hysteresis loop of 200 nm x 50 nm rod along hard axis. Domain 
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The domain configurations in fig. 7.16 are relaxed and tabulated in table 7.4. 
Other than the relaxed structures from field values of -10000 Oe and 10000 Oe, 
all the rods possess a single domain configuration with net magnetization oriented 
towards the left. As mentioned earlier, it is very unlikely for the 200 nm x 50 nm 
rod to retain the energetically costly 1-diamond structure. From this set of 
simulations, we can observe that the 200 nm x 50 nm rod retains its magnetization 
strongly even in the presence of a large field along the hard axis. Hence, this 















Table 7.4: Domain configurations of an isolated 200 nm x 50 nm rod at critical field 
values along the hard axis. The 2nd column shows the in situ domain configuration while 
the 3rd column shows the corresponding relaxed domain configuration. The last column 
shows the total energy value for the relaxed domain configuration. 
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Currents up to 1200 mA in magnitude were applied to magnetically induce the 
200 nm x 50 nm rods. However, similar to easy axis characterization of 200 nm 
50 nm rods, the generated magnetic field was not strong enough to induce 
changes in their domain configurations. Larger current magnitudes are not 
feasible as they would melt the Au conductors and burn the 200 nm x 50 nm rods. 
 
7.4 Comparison of 800 nm x 200 nm and 200 nm x 50 nm Rods 
The relaxed domain structures of 800 nm x 200 nm and 200 nm x 50 nm rods after 
saturation along both easy and hard axes are placed in comparison in fig. 7.17. The 
single domain structure is seen in both 800 nm x 200 nm and 200 nm x 50 nm rods. 
The ETotal values of 800 nm x 200 nm and 200 nm x 50 nm rods are 17679 J/m3 and 
43495 J/m3 respectively.  
 
Fig. 7.17: OOMMF and MFM images of single domain structure observed in 800 nm x 200 nm 
and 200 nm x 50 nm rods upon removal of saturating field along easy and hard axis 
respectively. 
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Repeated MFM scans of the rods failed to produce any multi-domain configurations 
after removal of saturating field along the hard axis. The hard and easy axes current 
switching values and domain structures observed in 800 nm x 200 nm and 200 nm x 
50 nm rods are summarized in fig. 7.18. Both rods cannot be switched along the hard 
axis.  
 
Fig. 7.18: Summary of Easy and Hard Axis Switching Characteristics in 800 nm x 200 nm and 
200 nm x 50 nm rods. 
 
7.5 Conclusion 
At remanence, both 800 nm x 200 nm and 200 nm x 50 nm rods possessed the single 
domain configuration. Repeated MFM scans of the rods failed to produce any multi-
domain configurations. The single domain structure is the energetically most stable 
domain configuration for nano-sized rods having an aspect ratio of 4:1. 
 
A current of ±1250 mA can magnetically reverse 800 nm x 200 nm rods. The reversal 
process is highly repeatable and stable. Currents applied along the hard axis of the 
rods failed to disturb the single domain configuration. 
 
200 nm x 50 nm rods prefer to remain in their energetically stable single domain 
configuration. Currents up to 1250 mA applied along the easy failed to magnetically 
Magnetic Domain Study of Micron- and Nano-sized Permalloy Structures Induced by a Local Current 
 
157 
reverse the rods. A larger current would not be possible due to the heat generated and 
the possibility of melting the Au conductors.   
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CONCLUSION AND RECOMMENDATIONS 
 
    
8.1 Conclusion 
Arrays of 40-nm-thick permalloy rods of lateral dimensions 12 µm x 3 µm, 4 µm x 1 
µm, 800 nm x 200 nm and 200 nm x 50 nm were fabricated on top of 50-µm-wide and 
200-nm-thick Au conductors by photolithography, sputtering and lift-off techniques. 
The inter-elemental separation was fixed at 6 µm, 2 µm, 400 nm and 100 nm 
respectively. The rod-like shape consists of a rectangle with 2 semi-circles at its ends to 
improve switching robustness. This range of sizes allows us to analyze and compare the 
magnetic properties of the rods at both micron- and nano-scales. 
 
A 2000 Oe field was applied along the long axis of rods and removed. The relaxed 
domain structure was imaged using a magnetic force microscope (MFM). A small 
current was passed to generate a field in the opposite direction to magnetically reverse 
the rods. MFM was again used to image the intermediate domain structure. Continuous 
current applications of gradually increasing magnitude eventually switched the 
magnetization in the rods. The MFM domain structure at each step was compared with 
results from micro-magnetic simulations by Object Oriented Micro-Magnetic 
Framework and vibrating sample magnetometer measurements. The experiment was 
then repeated along the short axis of the rods. 
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For micron-rods, a quasi-single domain structure consisting of a large central domain 
and 2 vortices at the rounded ends was observed after removal of saturating field along 
the long axis. The large central domain in single or quasi-single domain structure could 
be used as MRAM MTJ stack free layer. Magnetization reversal of central domain 
occurred at currents of 300 mA and 180 mA for 4 µm x 1 µm and 12 µm x 3 µm 
respectively. A flux-closure 3-diamond domain structure consisting of 4 vortices was 
observed after removal of saturating field along short axis. Subsequent current 
applications produced many different energetically similar multi-domain structures in 
addition to the domain structure predicted by micro-magnetic simulation. Vortices and 
Néel centres might be introduced or expelled as a result of tip-sample interaction. 
 
For nano-rods, a single domain structure was observed after initial saturation along long 
axis. Magnetization reversal occurred at currents of 1250 mA for 800 nm x 200 nm 
rods. The localized field, however, was not strong enough to reverse the magnetization 
in 200 nm x 50 nm rods. Nano-rods of both sizes displayed a stable behavior in the 
presence of a localized field along the hard axis.  
 
Our work has demonstrated the existence of stable domain states in micro-magnetic 
rods. In addition, the transition from micro- to nano-sized structures also revealed the 
shift from a multi to single domain state. 
 
8.2 Recommendations 
In this set of experiments, the inter-elemental separations were fixed. Experimental 
results showed that all the rods in the array switched independently and at slightly 
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different field values. To study the effect of magnetic exchange coupling between 
neighboring rods, the inter-elemental separation must be further reduced. Devices of 
various inter-elemental separations should be fabricated to provide a holistic study of 
the rods. Micro-magnetic simulations based on an array of rods could also be carried 
out in future work. In addition, the aspect ratio of the rods can also be varied to study 
the effect of shape anisotropy. Our results are currently based on an aspect ratio of four. 
A different aspect ratio could perhaps result in domain structures that are more stable 
than our current structures which are easily disturbed by noise.  
 
The generated field values from FEMM must be verified. One of the possible reasons 
for the disparity could be the large mesh size of the FEMM simulation. One way to 
resolve the problem would be to fabricate a device that would be capable of measuring 
the generated field strength experimentally.  
 
Relatively large magnitudes of current were used to generate the required localized 
magnetic field. These high currents generate a lot of heat and in certain experiments, 
the Au layer melted. For mobile consumer product applications, it is imperative that we 
reduce the magnitude of currents to render the device more power efficient. High 
temperatures might also introduce unwanted thermal fluctuations in the domain 
structure of the rods. A possible solution would be to reduce conductor width so as to 
reduce current magnitude and bring it in line with current MRAM technology. Another 
option would be to explore novel shapes and sizes so as to improve switching 
characteristics and power efficiency. The switching characteristics of the new shapes 
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and sizes can be evaluated by plotting their asteroid curves and comparing the 
switching fields at different applied field angles.  
 
As we were not able to specify the temperature on OOMMF, all the simulations were 
done at the default temperature of 0K. To have a more accurate analysis, it would be 
worthwhile to explore changing the temperature in OOMMF or use another micro-
magnetic simulation program which allows the setting of temperature. 
 
